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1. INTRODUCTION:

The incidence of renal cell carcinomas (RCCs) has been steadily increasing, in part due to 
widespread use of cross-sectional imaging[1]. RCCs have a wide range of aggressiveness, which 
is currently difficult to assess noninvasively. This has resulted in overtreatment of indolent 
cancers, and possibly under-treatment of aggressive ones. Additionally, current imaging 
techniques cannot distinguish benign renal tumors from RCCs, resulting in unnecessary surgical 
resection of benign renal tumors. Therefore, there is an unmet clinical need to be able to reliably 
distinguish renal tumor aggressiveness for optimal triage of therapies. Hyperpolarized (HP) 13C 
magnetic resonance spectroscopic imaging (MRSI) is a new metabolic imaging approach that is 
capable of interrogating specific enzymatic pathways in real time. In this proposal, we aim to 
interrogate tumor metabolism in a clinically relevant renal tumor models by employing patient-
derived tumor tissues in conjunction with HP MRSI. The patient-derived tumor models, 
including tissue slices maintained in a bioreactor and implanted orthotopically in mice, can better 
recapitulate the heterogeneous range of renal tumors (including benign renal tumors and RCCs), 
and facilitate identification of clinically relevant markers of tumor aggressiveness. Specifically,  

Aim 1:Identify HP 13C metabolic markers that discriminate benign renal tumors from 
RCCs, and low grade from high grade RCCs using human TSCs cultured in a 
bioreactor.  
Aim 2:Identify HP 13C metabolic markers that discriminate low grade from high grade 
RCCs using human tumor tissues implanted under renal capsule of mice.  

There has been no change in the tasks specified in Aims 1 and 2 from those proposed in the 
original Statement of Work, and below I describe the research that has been accomplished for 
each aim. 

2. KEY WORDS:
Renal Cell Carcinoma, Hyperpolarized 13C MR, Sub-renal capsule, patient derived tissue slice 
cultures, bioreactor 

3. KEY RESEARCH ACCOMPLISHMENTS:

Development of patient-derived renal tumor tissue slice cultures (TSC): In collaboration 
with Dr.Peehl, we successfully implemented a protocol to acquire renal tumor tissues from 
nephrectomies and to culture the tissue slices as detailed in the first annual report (2013).  

Aim 1: Ex vivo bioreactor experiments 
Summary: The key finding from the bioreactor experiments using patient-derived renal tumor 
tissues is that clear cell RCCs (the most common and usually more aggressive type of RCCs) 
have rapid lactate efflux into extracellular space when compared to benign renal tumors and 
normal renal tissues. Because extracellular lactate and acidic extracellular pH are implicated in 
tumor aggressiveness and metastatic potential, our findings suggest that lactate efflux, measured 
with hyperpolarized MR in conjunction with diffusion weighting currently being developed to 
quantify the relative amount of extracellular lactate, can serve as a potential biomarker to stratify 
renal tumor aggressiveness.  



 

Bioenergetics and viability of renal tissue slices in the 3D MR compatible bioreactor:  

Patient-derived renal slices were obtained from 10 ccRCC (predominantly of Furhman grade 2, 
with one case each for grade 1 and 3), 3 benign renal tumors (2 oncocytomas and one 
angiomyolipoma), and 12 normal renal parenchyma tissues not involved by tumors. These fresh 
tissue slices were studied in a 3D tissue bioreactor.  
 
The micro-engineered 3D 5mm tube MR compatible bioreactor has been shown previously to 
allow maintenance of tissue viability and to provide reproducible HP MR data  [2]. In this study, 
it allowed the metabolic evaluation of 60-90 mg of renal tissue and had excellent B0 field 
homogeneity (average water line width at half maximum was 12.2 ± 0.68 Hz). 31P MR 
spectroscopy was employed to monitor changes in renal tissue bioenergetics during the 
bioreactor studies. Figure 1A shows a representative spectrum of a clear cell RCC (ccRCC). 
NMR signals for the nucleoside triphosphates (NTPs: γNTP, αNTP, and βNTP), phosphocholine 
(PC), inorganic phosphate (Pi), and glycerol phosphocholine (GPC) were readily visible. The 
bNTP content was unchanged following the injection of HP 13C pyruvate, indicating 
maintenance of tissue bioenergetics and viability during the course of hyperpolarized 
experiments. Furthermore, we showed that tissue viability was maintained in the bioreactor with 
near constant bNTP for over 24 hours ( inset of figure 1A).  
  
Figure 1B shows the varying levels of phospholipids in the renal tissue slices. Interestingly the 
phosphocholine (PC) level in the benign renal tumors is significantly higher than both the normal 
renal parenchyma (p=0.019) and ccRCC (p=0.008) tissues. This finding is similar to that of prior 
1H high-resolution study of renal tissue extracts [3], and indicates that while PC has been used as 
a biomarker of tumor proliferation and aggressiveness in other types of cancer [4], it has limited 
value for renal tumor characterization. PC is converted from choline by the enzyme choline 
kinase-alpha (CHKA) in the phosphatidylcholine synthesis (kennedy) pathway. A prior study 
reported that functional interaction between CHK-alpha, EGFR receptor and c-Src is required for 

Figure 1. Bioenergetics of renal tissue slices. A)31P spectrum of grade 2 ccRCC. The inset 
shows the temporal βNTP concentration of ccRCC tissue slices continuously perfused in the 
bioreactor for over 24 hours. B) Bar graph of the varying levels of phospholipids in renal 
tissue slices.  (white bars = normal renal tissue, gray bars= benign renal tumors, and black 
bars=ccRCCs) 



 

cell proliferation. Such functional interaction may explain the lack of direct correlation between 
PC level and renal tumor aggressiveness in our study. The glycerophosphocholine (GPC) is 
significantly higher in both benign renal tumors and ccRCCs compared to normal renal 
parenchyma tissue (p=0.027 and 0.003 respectively). While GPC is an osmolyte in the renal 
medulla, it is also involved in cell membrane synthesis and breakdown. The higher level in both 
the benign renal tumors and the ccRCCs compared to normal renal parenchyma may be ascribed 
to tumor cell proliferation.  
 
 
Hyperpolarized 13C pyruvate metabolism of renal tissue slices in the 3D MR compatible 
bioreactor:  
Figure 2A illustrates the scheme of 13C labeled carbon atom transitions used to detect [1-13C] 
pyruvate metabolism during the HP MR experiment. After injection of hyperpolarized [1-
13C]pyruvate into the bioreactor, the pyruvate to lactate conversion in the renal tissue slices was 
assessed in real time. The 13C lactate spectrum had excellent SNR of 15 ± 2 (figure 2B). Both 

Figure 2. Hyperpolarized [1-13C]Pyruvate metabolism of renal tissue slices.  A) 
Representative hyperprolarized 13C spectrum of grade 2 ccRCC tissue slices. Inset shows the 
lactate kinetics over 5 minutes. B) Bar graphs of normalized hyperpolarized [1-13C] alanine 
and [1-13C] lactate in the renal tissue slices. (white bars = normal renal tissue, gray bars= 
benign renal tumors and black bars=ccRCC) 



 

the benign renal tumors and ccRCCs showed higher pyruvate to lactate conversion, consistent 
with higher glycolysis, when compared to normal renal parenchymal tissues (both p-values < 
0.05). However, the observed pyruvate to lactate conversion was lower in ccRCCs than benign 
renal tumors. Prior studies of RCC cells in a similar continuous perfusion system showed that 
rapidly exported 13C lactate quickly flows out of the MR sensitive volume without contributing 
to the measured hyperpolarized lactate signal (27). Therefore, we hypothesize that the apparent 
lower pyruvate to lactate conversion in ccRCC when compared to benign renal tumors may be a 
result of rapid lactate efflux in ccRCCs.  
 
 Hyperpolarized alanine was detectable only in the normal renal tissues with a SNR of at least 3. 
Alanine was not detectable in the benign renal tumor tissues, and it was occasionally observed 
(in 1/3 of the cases) at low levels in the ccRCC tissues. The low alanine level in the tumor tissues 
may be a result of the increased pyruvate to lactate conversion. 
 
Tissue analysis confirms that ccRCCs have higher lactate production and efflux than benign 
renal tumors:  

Figure 3. LDH activity and expression A) LDH-A 
expression of renal tissue slices. B) LDH activity of renal 
tissue slices. (white bars = normal renal tissue, gray bars= 
benign renal tumors and black bars=ccRCC) 
 



 

To test the hypothesis that ccRCCs 
have higher lactate production and 
efflux than benign renal tumors, we 
then assayed the mRNA expressions 
and enzyme activity of LDH, and the 
mRNA expression of MCT1 and 
MCT4 of the tissue slices. LDHA 
encodes the M subunits of LDH, 
which catalyzes the conversion 
between pyruvate and lactate. MCT1 
mediates the pyruvate transport into 
the cells, and MCT4 mediates the 
efflux of the lactate out of the cells 
(ref). The LDH-A mRNA expression 
was significantly higher in ccRCCs 
compared to both normal renal tissues 
and benign tumors (p=0.001 and 
p=0.016 respectively) (figure.3A). 
Additionally the LDH activity was 
also significantly higher (p<0.05) in 
ccRCC compared to the normal renal 
tissues and benign tumors by 2.4 and 
1.7 times respectively (figure.3B).. 
The MCT4 mRNA expression in the 
ccRCCs was four-fold higher 
(p=0.021) than that normal renal 
tissues and almost 7 fold higher than 
that of benign tumors (p=0.045). 
Corresponding immunohistochemical 
staining also showed progressively 
increased MCT4 staining from normal 
renal tissues to ccRCCs. To further 
verify that the higher MCT4 
expression in ccRCCs resulted in 

increased lactate efflux, we quantified 
the rate of lactate efflux in the tissue slices in culture by thermal labeling with [3-13C]pyruvate. 
The incubating media was sampled periodically for up to 8 hours and the [3-13C]lactate was 
measured using high-resolution MR spectroscopy.  The normal renal tissues and benign tumors 
had similar levels of lactate efflux rate, while ccRCCs had significantly higher efflux rate of 5 ± 
0.57 nmols/min (p=0.01 and 0.002 respectively). Taken together, these observations support the 
notion that ccRCCs have the highest lactate production and efflux compared to benign renal 
tumors and normal renal tissues. The rapid lactate efflux likely accounted for the apparent lower 
HP lactate in ccRCCs than benign renal tumors 
 
 
 

Figure 4. Renal tissue MCT4 expression and lactate 
efflux. A) Immunohistochemical staining of MCT4 
and B) mRNA expression of MCT4 in renal tissue 
slices. C) Rate of lactate efflux from renal tissue 
slices. (white bars = normal renal tissue, gray bars= 
benign renal tumors and black bars=ccRCC) 
 



 

Aim 2: Orthotopic model of RCC using patient-derived tumor tissue slices 
Summary: We showed feasibility of establishing orthotopic model of RCC using patient-
derived tumor tissue slices. However, since only the aggressive tumor tissues (i.e. Fuhrman 
grade 4 RCC) grew into tumors with size sufficient for in vivo imaging, we were unable to 
compare the metabolic differences between benign / indolent tumors and aggressive tumors.. In 
parallel, we investigated several imaging approaches to measure dynamic exchange and 
metabolism of hyperpolarized pyruvate to lactate that would be important for future in vivo 
imaging in the clinic. Specifically, based on the observations of increased lactate efflux in the 
ccRCC in the bioreactor, we developed diffusion weighted hyperpolarized 13C pulse sequences 
in order to interrogate the differential compartmentation of lactate. Such sequences were tested 
on an in vivo orthotopic animal model of immortalized human RCC cells (generated with other 
funding) of varying aggressiveness. This will demonstrate the clinical feasibility of such 
measures in order to distinguish between benign and RCC tumors in patients using the non-
invasive rapid hyperpolarized 13C MRI.  
 
Review of patient derived renal tissue slice orthotropic mouse model:  
 
We showed feasibility of engrafting human renal tumor 
tissues under the renal capsule of the Rag2-IL2g male mice in 
collaboration with Dr.Peehl at Stanford [5]. Figure 5 
demonstrated the preserved human vasculature in one such 
tumor tissue graft in the mouse renal capsule. However, Only 
the Fuhrman grade 4 ccRCC developed tumors of sufficient 
size for in vivo HP imaging, and limited our ability to study 
the metabolic difference among tumors of different 
aggressiveness using this model.  
 
Nevertheless, we developed an orthotopic murine model with 
a panel of immortalized RCC cells. We selected the cells 
based on their varied LDHA and MCT4 expression, two key 
factors in lactate production and export which are implicated 
in RCC aggressiveness. Prelminary data has been generated 
using the following cells- UOK262 (isolated from a metastatic lesion of papillary RCC), 
UMRC3 (derived from a primary ccRCC with metastatic lesions) and 786-O ( primary ccRCC). 
 
 
Development of dynamic hyperpolarized 13C MRI sequences to measure increased lactate 
production as well as lactate efflux in tumor models established using RCC cells :  
 
a) Enhanced contrast between normal mouse kidney and tumor: We optimized the 13C dynamic 
imaging sequence using a spectrally and spatially selective pulse [6]-[8] to obtain simultaneously 
the lactate and pyruvate images over 45 seconds to minimize the background lactate signal from 
the normal kidney cells which filters the lactate (originating form the rest of the body) from the 
blood. Initial hyperpolarized imaging showed increased lactate signal in the normal contralateral 
kidney similar to that found in the tumor bearing kidney. This is due to the normal renal function 
of collecting the recirculating lactate generated from the rest of the body. Figure 6 shows the 

Figure 5: CD31 staining of 
the graft (arrow) indicates the 
preserved human vasculature.  

 



 

feasibility of such imaging with a specialized acquisition scheme using variable flip schedule [9] 
to maximize signal to noise ratio in vivo in an orthotopic mice model containing human RCC 
cells. Furthermore preliminary assessment shows a good correlation between the measured HP 
lactate to pyruvate ratio and the LDH activity of the RCC cells. This indicates that the HP 
lactate/Pyruvate ratio can be used as a marker of RCC aggressiveness.  

 
 
b)Simultanous measurement of bi-directional exchange between pyruvate and lactate: In 
collaboration with our colleagues at UCSF Christine et al [10] (manuscript attached in appendix), 
we implemented a technique to measure dynamically the rate of transfer of hyperpolarized 
pyruvate into other metabolites in a bi-directional manner. In short, such measurements were 
made to quantify the rate of conversion of pyruvate to lactate (kpl)  and lactate to pyruvate (klp) in 
an  ex vivo set-up using the bioreactor in UOK262, an aggressive RCC cell. This same cell line 
was used in an orthootopic murine model and feasibility of kpl and klp measurements were 
shown. This would be an important biomarker to differentiate between normal renal tissue and 
RCC which has a known elevated LDHA [11] resulting in higher kpl .  
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Figure 6: Hyperpolarized Lactate images overlaid 
on T2 weighted proton reference image. The 
images is an axial slice of a T2 weighted proton 
image of the mouse implanted with UOK62 cells 
in the renal capsule, with the red region outlining 
the tumor tissue and the green denoting the 
contralateral naïve kidney (c.kidney). The graph 
above  shows that the temporal dynamics of 
hyperpolarized lactate signal that is produced after 
infusion of hyperpolarized pyruvate is higher in 
the tumor compared to the contralateral normal 
kidney. And preliminary data shows that the HP 
lactate /Pyruvate ratio correlates with LDH activity 
in the RCC cell orthotopic murine model.  
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d)Diffusion weighted hyperpolarized 
13C MRI to assess lactate efflux: While 
the direct measurement of pyruvate and 
lactate signals informs on the apparent 
reaction rate of pyruvate-to-lactate, it 
does not distinguish between 
metabolism and transport. In particular, 
this approach cannot distinguish the 
intra- and extracellular pool of lactate to 
quantify transport, which is a key 
marker of ccRCC based on our findings 
from Aim I and that also correlates with 
disease aggressiveness in RCCs [12], 
[13]. We have previously shown in an 
ex vivo bioreactor system that rapid HP 
13C lactate export is a characteristic 
feature of aggressive and metastatic 
RCC cells [14], and preliminary 
bioreactor data indicates a 5-fold 
difference between the intra- and 
extracellular lactate apparent diffusion 
coefficients (ADC)  (0.19 ± 0.03 vs. 
1.04 ± 0.08 x 10-3 mm2/s) [15] 
(manuscript in preparation, attached in 
appendix). However, the techniques 
used in the ex vivo study is not suitable 
for in vivo imaging. Indeed, no prior in 
vivo methods exist that can inform on 
cellular transport processes. Diffusion-

weighted (DW) MRI is sensitive to the 
motion of molecules, and can detect 
changes reflective of the tissue 
microenvironment [16]. Measuring the 
ADC of metabolites with DW MRI 
would provide valuable additional 
information about tissue metabolism and 
cellular transport because it could 
directly report on the metabolite 
microenvironment. We have recently 
developed an in vivo imaging sequence 
to rapidly generate diffusion-weighted 
images of HP 13C metabolites, which can 
provide localization of the molecules in 
the tissue microenvironment based on 
the ADC. Preliminary data from 
orthotopic model of RCC cells shows a 
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Figure 7.  Diffusion weighted HP pyruvate (top 
row) and lactate (bottom row) images of a 
orthotopic UOK262 tumor. Left column: b=25 
s/mm2; right column: b=4000 s/mm2 (right 
column). Red ROI denotes tumor and the green 
dashed line denotes the normal contralateral mouse 
kidney. Comparison of the change in HP lactate 
signal between low and high b-value images 
suggests a large extracellular lactate component in 
the tumor. The in vivo Lactate ADC of the tumor is 
0.7 x 10-3 mm2/s. 

Figure 8: Preliminary data correlating MCT4 
expression to hyperpolarized lactate ADC in 
murine orthotopic model of RCC cells.  
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distinct correlation between the ADC of hyperpolarized lactate measured with that of MCT4 
expression (figure 8).  
 
FUTURE DIRECTIONS 

a) We will further evaluate the in vivo HP pyruvate to lactate flux and lactate efflux using 
DW HP MRI in orthotopic tumors derived from RCC cells with different LDH and 
MCT4 expression.  

b) Apply the above techniques to the evaluation of treatment effect in these RCC models. 
 
 
 
KEY RESEARCH ACCOMPLISHMENTS: 

• Validation of lactate efflux as a characteristic feature of ccRCC using patient-derived 
tumor tissues and demonstrates its absence in benign renal tumors and normal renal tissue 

• Demonstration that hyperpolarized carbon-13 magnetic resonance technique could 
potentially serve to differentiate between benign tumors and RCCs based on lactate 
efflux. 

• Develop alternate (to patient derived tissue in vivo model) animal models and show 
feasibility to do hyperpolarized imaging measurements. 

• Development of high resolution fast carbon-13 imaging sequences to facilitate 
measurement of real time metabolism in orthotopically implanted RCC cells. Illustration 
of HP lactate signal as a biomarker of increased LDH activity in RCC cells in vivo using 
the fast dynamic sequences. 

• Implement DW HP MR sequences and show proof of concept that hyperpolarized lactate 
measures correlates with MCT4 (transporter of lactate) expression in RCC cells.  
 
 

 
Training and Development: 
As the principle recipient of the fellowship, I benefitted from direct training with world leaders 
in the field of hyperpolarized carbon-13 magnetic resonance imaging. Additionally in working 
directly with my mentor Dr. Wang, I gained critical knowledge on the clinical intricacies of both 
the disease and the imaging technology. This has enabled me to be at the forefront of this 
burgeoning field and push this technology even further to better serve the medical community.  
Professional development has also been possible due to this fellowhip by attending conferences 
and workshops to disseminate the research. Furthermore, by attending courses for “scientific 
writing” has empowered me to better articulate the scientific findings. Overall, I believe that the 
training and professional development afforded  to me via this fellowship has paved the way for 
me to obtain a professional researcher position at UCSF which will serve as a stepping stone to 
for a faculty rank.  
 
REPORTABLE OUTCOMES : 

I. MANUSCRIPTS (attached in appendices)  
1. Keshari KR, Sriram R, Koelsch BL, Van Criekinge M, Wilson DM, 

Kurhanewicz J, Wang ZJ. Hyperpolarized 13C-pyruvate magnetic resonance 



 

reveals rapid lactate export in metastatic renal cell carcinomas. Cancer 
Research 2013;73:529–538. 

2. Sriram R, Kurhanewicz J, Vigneron DB. Hyperpolarized Carbon-13 MRI and 
MRS Studies. eMagRes 2014;3:311–324. 

3. Leon Swisher C, koelsch B, Sukumar S, Sriram R, Santos RD, Wang ZJ, 
Kurhanewicz J, Vigneron D, Larson P. Dynamic UltraFast 2D EXchange 
SpectroscopY (UF-EXSY) of hyperpolarized substrates. J Magn Reson 
2015;257:102–109. 

4. Sriram R, Van Criekinge M, Hansen A, Wang ZJ, Vigneron DB, Wilson DM, 
Keshari KR, Kurhanewicz J. Real-time measurement of hyperpolarized lactate 
production and efflux as a biomarker of tumor aggressiveness in an MR 
compatible 3D cell culture bioreactor. NMR Biomed 2015;28:1141–1149.  

5. Using patient-derived renal tumor tissues, we show that increased lactate efflux 
is a characteristic feature that can be used to differentiate benign tumors from 
RCCs. The manuscript titled “Noninvasive differentiation of benign renal 
tumors from renal cell carcinomas using clinically translatable 
hyperpolarized 13C pyruvate magnetic resonance”  is in preparation and is 
attached in Appendix. 

 
 
II. ABSTRACTS AND PRESENTATIONS  

1. Oral Presentation: Renuka Sriram, Kayvan R Keshari, Mark Van Criekinge, John 
Kurhanewicz, David M Wilson, Donna M Peehl, and Zhen J Wang. “Establishment of 
patient-derived models of renal cell carcinoma to study metabolism and develop 
relevant clinical biomarkers” presented at International Society of Magnetic Resonance 
in Medicine annual meeting 2013, Salt Lake City, USA 

2. Poster Presentation: Renuka Sriram, Kayvan R Keshari, Mark Van Criekinge, John 
Kurhanewicz, David M Wilson, Donna M Peehl, Robert Bok and Zhen J Wang. “Patient-
Derived Tissue Culture Model Systems of Renal Cell Carcinoma for development of 
Clinically Translatable Metabolic Biomarkers” presented at the American Association 
for Cancer Research special conference titled ‘The Translational Impact of Model 
Organisms in Cancer.’ 2013, San Diego, USA 

3. Poster Presentation: Renuka Sriram, Mark Van Criekinge, Ailin Hansen, Kayvan R 
Keshari, Justin Delos Santos, David M Wilson, Donna M Peehl, John Kurhanewicz and 
Zhen J Wang. “Metabolic Dynamics of Patient-derived Renal Cell carcinoma Tissues 
Using Clinically Translatable Hyperpolarized 13C Pyruvate” presented at the World 
Molecular Imaging Congress (WMIC) 2014, Seoul, Korea.  

4. Oral Presentation: Renuka Sriram, Mark Van Criekinge, Ailin Hansen, Zhen J Wang, 
David M Wilson, Kayvan R Keshari and John Kurhanewicz and. “Real time 
measurement of hyperpolarized lactate production and efflux as a biomarker of tumor 
aggressiveness in a MR compatible 3D cell and tissue culture bioreactor” to be 
presented at the ISMRM Workshop on Magnetic Resonance in Cancer: Challenges & 
Unmet Needs in Austin, TX, USA in November 2014. 

5. Oral Presentation: Renuka Sriram, Mark Van Criekinge, Ailin Hansen, Bertram Koelsch, 
Jeremy Gordon, Celine Baligand, Robert Bok, Dan B. Vigneron, David M. Wilson, Peder 
Larson, Kayvan R. Keshari, Zhen J. Wang and John Kurhanewicz. “Establishment of 



 

patient-derived models of renal cell carcinoma to study metabolism and develop 
relevant clinical biomarkers” presented at World Molecular Imaging Congress 
(WMIC) 2015, Honolulu, Hawaii, USA 

 
III. EMPLOYMENT  

Based on the research experience afforded by this fellowship, I have been able to secure a 
Professional Researcher position at the University of California, San Francisco.  

 
CONCLUSION: 
In summary, we have shown using hyperpolarized magnetic resonance, increased lactate 
production in renal tumors in general, and importantly, increased lactate efflux in clear cell renal 
cancers (the most common subtype of renal cancers) using patient derived tissue slice cultures 
and can be used to differentiate it from benign renal tumors. Additionally, we have developed an 
alternative to orthotopic tissue slice grafts in animals by using RCC human cells to capture a 
range of aggressive renal tumors. And have shown using such a model several approaches to 
non-invasively assess renal tumor aggressiveness based on lactate production and efflux that is 
correlated to LDH activity and MCT4 respectively. This is of great impact as these two factors, 
LDH and MCT4, are strongly linked to pathological grade of renal cancers in patients 
{Fisel:2013da, Fisel:2015cx, Gerlinger:2012eu}.  Subsequently, we hope to implement the in 
vivo  model system and use hyperpolarized carbon-13 technique to monitor therapeutic efficacy. 
Due to the easy clinical translation of the techniques developed herein, these findings are highly 
valuable and advance the knowledge of renal cancer metabolism.  
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Hyperpolarized 13C-Pyruvate Magnetic Resonance Reveals
Rapid Lactate Export in Metastatic Renal Cell Carcinomas

Kayvan R. Keshari1, Renuka Sriram1, Bertram L. Koelsch2, Mark Van Criekinge1, David M. Wilson1,
John Kurhanewicz1,2, and Zhen J. Wang1

Abstract
Renal cell carcinomas (RCC) are a heterogeneous group of tumors with a wide range of aggressiveness.

Noninvasive methods to confidently predict the tumor biologic behavior and select appropriate treatment are
lacking. Here, we investigate the dynamic metabolic flux in living RCC cells using hyperpolarized 13C-pyruvate
magnetic resonance spectroscopy (MRS) combined with a bioreactor platform and interrogated the biochemical
basis of the MRS data with respect to cancer aggressiveness. RCC cells have significantly higher pyruvate-to-
lactate flux than the normal renal tubule cells. Furthermore, a key feature distinguishing the localized from the
metastatic RCC cells is the lactate efflux rate, mediated by the monocarboxylate transporter 4 (MCT4). The
metastatic RCC cells have significantly higher MCT4 expression and corresponding higher lactate efflux, which is
essential for maintaining a high rate of glycolysis. We show that such differential cellular transporter expression
and associated metabolic phenotype can be noninvasively assessed via real-time monitoring of hyperpolarized
13C-pyruvate-to-lactate flux. Cancer Res; 73(2); 1–10. �2012 AACR.

Introduction
The incidence of renal tumors, both malignant renal cell

carcinomas (RCC) and benign renal tumors, has increased
significantly in the last 20 years (1). In the case of renal tumors,
biopsies are not routinely done, due to the risk of hemorrhage
and high likelihood of indeterminate histology (2, 3). Treat-
ment selection is thus heavily reliant on noninvasive imaging
assessment of tumor masses. However, there are significant
limitations to the current imaging methods for renal tumor
characterization. It is increasingly recognized that RCCs are a
heterogeneous group of tumors with a wide range of biologic
aggressiveness (4, 5). Emerging active surveillance data have
shown that a significant percentage of small RCCs (<4 cm) are
indolent with low metastatic risk, and patients may be over-
treated if all such RCCs are surgically removed (5, 6). On the
other hand, 20% to 40% of patients undergoing nephrectomies
for clinically localized RCCs develop metastases with poor
outcome (7). Unfortunately, current imaging methods cannot
reliably predict the risks of progression from localized RCC to
metastatic disease (8). Furthermore, certain benign renal
tumors are difficult to distinguish from RCCs by imaging

(9). This diagnostic challenge has resulted in the unnecessary
resection of many benign renal tumors, which constitute 20%
of all renal tumors less than 4 cm, with the associated surgical
risks and potential loss of renal function (10). Therefore, new
imagingmethods are needed to predict the biologic behavior of
renal tumors and select appropriate treatment.

The unique metabolism of cancer cells is central to their
malignant behavior. For example, a common property of
cancers is altered glucose metabolism with elevated glycolysis
and lactate production in the presence of oxygen (11, 12).
Increased glycolysis facilitates the uptake and incorporation of
nutrients and biomass needed for cell proliferation in cancers
(13, 14) and acidifies the extracellular microenvironment-
promoting invasion of neighboring tissue and metastasis
(15). A number of genomics and proteomics studies have
shown increased metabolism to lactate in RCCs (16–19).
Specifically, proteomic analysis of RCC tissues and metabolic
profiling of serum samples revealed increased levels of glyco-
lytic enzymes in RCC tissues and higher lactate in the serum of
patients with RCC (19). Metastatic RCCs have also shown a
bioenergetic shift toward aerobic glycolysis and lactate pro-
duction (18). These studies provide the rationale for metabolic
imaging of glycolysis as a noninvasive means to characterize
renal tumor aggressiveness.

Hyperpolarized 13C magnetic resonance is a new molecular
imaging technique that allows rapid and noninvasive moni-
toring of dynamic pathway-specific metabolic and physiologic
processes. Hyperpolarization, achieved through the dynamic
nuclear polarization (DNP) technique (20), can provide dra-
matic gains in sensitivity (>10,000-fold increase) for imaging
13C-labeled biomolecules. The hyperpolarized 13C-probes can
be injected into living systems, and their metabolism can be
observed in real-time by chemical shift. The most commonly
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used hyperpolarized 13C probe is 13C-pyruvate, which is at the
juncture of several important energy and biosynthetic path-
ways. For example, pyruvate may be converted to lactate in
glycolysis, to acetyl-CoA to support the tricarboxylic acid
(TCA) cycle, or to alanine via transamination for protein
synthesis. Hyperpolarized 13C-pyruvate magnetic resonance
has already been applied to the detection of the presence (21–
25) and progression (26, 27) of a number of cancers. The
metabolic changes seen in RCCs suggest that hyperpolarized
13C-pyruvate will also be an excellent probe to interrogate
these tumors noninvasively.

In this work, we compared the pyruvate metabolism of
immortalized cells derived fromhuman renal proximal tubules
(the origin of most human RCCs), a localized human RCC, and
a metastatic human RCC, with the goal of identifying clinically
translatable hyperpolarized biomarkers of renal tumor aggres-
siveness. After evaluating the steady-state metabolism of these
cells, we assessed the dynamic hyperpolarized pyruvate-to-
lactate flux using a magnetic resonance compatible bioreactor
platform that provides a controlled and physiologic setting for
the cells (28). By monitoring the real-time metabolic flux using
hyperpolarized magnetic resonance, we showed that RCC cells
have significantly higher pyruvate-to-lactate flux than the
normal renal proximal tubule cells. Furthermore, we showed
that cells derived from the metastatic RCC have more rapid
export of lactate to the extracellular space compared with the
cells derived from the localized RCC, and that these differences
are likely mediated by the differential expression of mono-
carboxylate transporter 4 (MCT4). These results suggest that
using hyperpolarized 13C-pyruvate to assess lactate production
and export has the potential to improve the noninvasive
characterization of renal tumors.

Materials and Methods
Cell lines

HK-2 is an immortalized proximal tubule epithelial cell line
from normal adult human kidney (29) and was obtained from
American Type Culture Collection [ATCC; obtained June, 2010;
authentication conducted at ATCCwas via short tandem repeat
(STR) profiling]. UMRC6 cells are representative of localized
human clear cell RCC (30), and were a gift from Dr. Bart
Grossman (MDAndersonCancerCenter, Houston, TX; obtained
January, 2010; authenticated using STR profiling, October 2012).
UOK262 cells are derived from a metastasis of the highly
aggressive hereditary leiomyomatosis RCC (HLRCC), which is
characterized by mutation of the TCA cycle enzyme fumarate
hydratase (31). UOK262 cells were a gift from Dr. W. Marston
Linehan (National Cancer Institute, Bethesda, MD; obtained
May, 2010; authenticated using STR profiling, October 2012).
All cells were grown in Dulbeco's Modified Eagle's Medium
(DMEM) with 4.5 g/L glucose. The cells were passaged serially
and were used for assays and magnetic resonance experiments
between passages 2 to 10 and at 60% to 80% confluency.

1H NMR experiments
Cells were plated on 150-cm2–coated Petri dishes (Fisher

Scientific) and incubated for 24-hours in DMEM media sup-
plemented with [1-13C] glucose, or for 2-hours in DMEMmedia

supplemented with [3-13C] pyruvate (Cambridge Isotope Lab-
oratories). At the end of incubation, an aliquot of medium was
collected, and cells were extracted in ice-cold methanol (32).
The cell extracts were reconstituted in D2O with known
amounts of trimethyl silyl pentanoate (TSP) for internal ref-
erence. The extracts were measured on Bruker Advance III 800
MHz equipped with a cryo-cooled triple-resonance probe.
High-resolution water-suppressed proton spectra were
obtained with a repetition time of 12 seconds and 64 averages.
The metabolite peak areas were quantified against the known
TSP peak area.

Hyperpolarized [1-13C] pyruvate magnetic resonance
bioreactor experiment

Cells were electrostatically encapsulated into 2.5% w/v
alginate microspheres as previously described (28, 33), and
then loaded into amagnetic resonance–compatible bioreactor.
Approximately 800 mL of microspheres were perfused in the
bioreactor with DMEM H-21 media at a flow rate of 2.5 mL/
min. For the flow rate modulation bioreactor experiments, the
flow rate was changed to either 1.3 or 3.8 mL/min for the
duration of the hyperpolarized scans. The media was kept at
37�C with water-jacketed perfusion lines and was maintained
at 95% air/5% CO2 via gas exchanger. All bioreactor studies
were conducted on a 500 MHz Varian Inova (Agilent Tech-
nologies) with a 10 mm, triple-tune, direct-detect, broadband
probe at 37�C. For the hyperpolarized 13C-pyruvate studies, 2.5
mL of 14.2 mol/L 13C-pyruvate mixed with 15 mmol/L of the
trityl radical (GE Healthcare) was polarized on a Hypersense
polarizer (Oxford Instruments). This was followed by dissolu-
tion in 5 mL of 50 mmol/L phosphate buffer. One milliliter of
the resulting 7.5mmol/L hyperpolarized pyruvate solutionwas
injected into the bioreactor containing the microspheres.
Hyperpolarized 13C magnetic resonance data were acquired
dynamically with a 10� flip-angle, pulse repetition time of 3
seconds and for a duration of 300 seconds. 31P spectra (rep-
etition time 3 seconds, 1,024 averages, 90� flip-angle) were
acquired before and after each hyperpolarized study to assess
cell viability.

Cell number determination for bioreactor experiments
Moles of ATP per cell for each cell line were measured using

CellTiter-Glo luminescent cell viability assay and Veritas
Luminometer (Promega). Moles of ATP corresponding to the
b-nucleoside triphosphates (b-NTP) peak area on 31P spectra
were determined using a 31P calibration curve. The number of
cells in each bioreactor experiment was then calculated by
dividing the moles of ATP approximated from b-NTP peak by
the moles of ATP per cell as measured by the luminescent
assay.

mRNA expression and enzyme activity assay
Total RNA was purified from cells using RNeasy procedure

kit (Qiagen), and reverse transcribed using iScript cDNA
Synthesis kit (BioRad Laboratories). PCR was conducted in
triplicate for the lactate dehydrogenase-a (LDH-a) and
the monocarboxylate transporters 1 and 4 (Hs00161826_m1,
Hs00358829_m1) on the ABI 7900HT (Applied Biosystems).
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Cyclophilin and b-actin (Applied Biosystems) were used as
control, and the relative fold difference was calculated for each
primer/probe combination.
LDH activity of cell lysates was measured spectrophotomet-

rically by quantifying the linear decrease in NADH absorbance
at varying pyruvate concentrations at 339 nm using a micro-
plate reader (Tecan Group Ltd.). The maximum velocity (Vmax)
and theMichaelis–Menten constant (Km)were estimated using
the Lineweaver–Burke plot.

Data analysis
The hyperpolarized pyruvate-to-lactate flux was calculated

using a previously published model (28). The pyruvate-to-
lactate flux was normalized by the number of cells in each
bioreactor study and the injected amount of hyperpolarized
pyruvate. 31P metabolite peaks were integrated and normal-
ized by the number of cells to determine the concentration of
phosphocholine (PC), glycerophosphocholine (GPC) and
b-NTP. Resonances were corrected for their respective 31P
T1 relaxation times (Supplementary Table S2). One-way
ANOVAwas used to assess the difference between the 3 groups
with Tukey–Kramer method post hoc tests using statistical
software package JMP (SAS Institute). All values are reported
as mean � SE.

Results
1H MRS shows steady-state metabolite concentrations
that reflect increased glycolysis and truncated TCA cycle
in metastatic UOK262 cells
We first used 1Hmagnetic resonance spectroscopy (MRS) to

interrogate the steady-statemetabolite concentrations in HK2,
UMRC6, and UOK262 cells. HK2 cells are derived from human
renal proximal tubule cells (doubling time ¼ 72–96 hours;
ref. 29). UMRC6 cells (doubling time¼ 43 hours) originate from
a localized human clear cell RCC (30). Finally, UOK262 cells
were isolated from ametastasis of HLRCC (doubling time¼ 23
hours; ref. 31). HLRCC is an aggressive RCC characterized by
mutation of the TCA cycle enzyme fumarate hydratase.
UOK262 cells therefore have markedly reduced oxidative
phosphorylation and are highly glycolytic (31). Figure 1A
illustrates the biochemical scheme of glycolysis and TCA
cycle. Figure 1B shows the major steady-state intracellular
metabolite concentrations, as measured by 1H MRS, in the 3
cell lines. We found that the steady-state lactate concentration
was significantly higher in the UOK262 cells comparedwith the
UMRC6 orHK2 cells (both P < 0.05). The increased steady-state
lactate in the UOK262 cells is consistent with the fumarate
hydratase mutation, which sharply attenuates the mitochon-
drial TCA cycle and concomitantly drives glycolysis for energy
production (31).
The alanine concentration was lower in the 2 RCC cell lines

compared with the HK2 cells, likely due to increased flux of
pyruvate to lactate. We also found significantly increased
glutamate and decreased aspartate concentration in the
UOK262 cells compared with the other 2 cell lines. Glutamate
is reversibly formed from a-ketoglutarate, a TCA cycle inter-
mediate proximal to fumarate. Aspartate is formed reversibly
from oxaloacetate, a TCA intermediate distal to fumarate. In

the UOK262 cells, the increased steady-state glutamate and
reduced aspartate are consistent with truncation of TCA cycle
metabolism beyond fumarate, due to the fumarate hydratase
mutation. The concentration of GPC, an abundant renal
osmolyte (34), was similar among the 3 cell lines. Interestingly,
we found that phosphocholine was significantly higher in the
UMRC6 cells than theUOK262 cells.While phosphocholine has
been used as a biomarker of tumor proliferation and aggres-
siveness in other types of cancers (35, 36), the levels of
phosphocholine did not correlate with aggressiveness in the
RCC cell lines in our study. Phosphocholine is converted from
choline by the enzyme choline kinase-a (CHKA) in the phos-
phatidylcholine synthesis (Kennedy) pathway. A recent study
reported that CHKA forms a complex with EGF receptor
(EGFR) in a c-Src–dependent manner, and functions cooper-
atively with EGFR and c-Src in regulating pathways critical to
cell proliferation (37). Such required functional interaction
among the 3 enzymes for cancer cell proliferation may in part
explain the lack of direct correlation between the phosphocho-
line levels and proliferation rates/aggressiveness of the 2 RCC
cell lines in our study.

Twenty-four–hour labeling of cells with [1-13C] glucose
or [3-13C] pyruvate in 2D cell cultures shows increased
flux to lactate in the metastatic UOK262 cells

To further characterize glycolysis and lactate production in
the RCC cells, we investigated the flux from labeled [1-13C]
glucose to lactate in 2-dimensional (2D) cell cultures following
24-hour incubation. Figure 2A shows the scheme of 13C-labeled
carbon atom transitions used to detect glucose metabolism to
lactate. Glucose, the primary fuel for energy in cells, is taken up
primarily via the glucose transporter 1 (GLUT1) and is con-
verted to pyruvate and then lactate during glycolysis. Lactate is
preferentially exportedout of the cells via theMCT4 (38). Figure
2B and C show representative MRS of metabolites in the
culture medium and intracellular compartment, respectively,
of UOK262 cells following 24-hour labeling with [1-13C]
glucose. Figure 2D and E show the concentrations of 13C-
labeled lactate in the medium and the intracellular compart-
ment, respectively, of the 3 cell lines following incubation with
[1-13C] glucose. After 24 hour of incubation with [1-13C]
glucose, 99% of lactate was found in the extracellular medium.
The concentration of 13C lactate in the medium increased
progressively from HK2 to UMRC6 to UOK262 cells, with the
lactate concentration being nearly 3-fold higher in themedium
of UOK262 cells compared with that of the HK2 cells. The
fractional enrichment of lactate was defined as the 13C-labeled
lactate/(13C-labeled lactateþ unlabeled lactate). The fraction-
al enrichment of lactate in the medium was 76% � 1%, 65% �
2%, and 84% � 1% in the HK2, UMRC6, and UOK262 cells,
respectively. This implies that the predominant source of
lactate in these cells is glucose although there is a contribution
from other carbon sources as well. The intracellular concen-
tration of 13C lactate was also significantly higher in the
UOK262 cells compared with the UMRC6 or the HK2 cells
(P < 0.05). The intracellular fractional enrichment of lactate
was 62.5%� 3.1%, 61.8%� 1.5%, and 78.6%� 0.4% in the HK2,
UMRC6, andUOK262 cells, respectively. The differential lactate
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fractional enrichment in the intracellular compartment and
the mediummight be related to lactate compartmentalization
in the cells. Such compartmentalization has been reported to
exist in the brain and myocardium (39, 40). It is possible that
one compartment of intracellular lactate originates predom-
inantly from 13C-labeled glucose, and the subsequently labeled
lactate is preferentially exported into the medium. Another
compartment of lactate may derive from other sources such as
from glutamine via glutaminolysis (41), and this compartment
of lactate may not be as readily exported into the medium as
that from glucose. The presence of lactate compartmentali-
zation may also in part explain the higher fractional enrich-
ment of intracellular lactate in the UOK262 cells compared
with the other cells. Because UOK262 have fumarate hydratase
mutation with reduced TCA cycle metabolism, they are more
likely to produce lactate from glycolysis than from other
pathways such as glutaminolysis that contains parts of the
TCA cycle. This may explain the higher fractional enrichment

of the intracellular lactate from labeled glucose in the UOK262
cells. Taken together, the earlier findings confirmed that
UOK262 cells are highly glycolytic with increased production
of lactate. Interestingly, the 13C lactate concentration was
lower in the UMRC6 RCC cells relative to both HK2 and
UOK262 cells. This was in agreement with the steady-state
intracellular lactate concentration data, which also showed a
decreased lactate pool in UMRC6 cells compared with the
other 2 cell lines (Fig. 1B).

Hyperpolarized 13C MRS shows higher real-time
pyruvate-to-lactate flux in RCC cells compared with
normal HK2 cells but lower pyruvate-to-lactate flux in
the metastatic UOK262 cells than the localized UMRC6
cells

Given the dynamic nature of cellular metabolism, we then
investigated the real-time pyruvate metabolism in the 3 cell
lines using hyperpolarized 13Cmagnetic resonance.We carried
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out our hyperpolarized 13C magnetic resonance experiments
using a bioreactor, a continuously perfused 3-dimensional (3D)
cell culture system that provides a controlled and physiologic
setting for the cells. This system has been shown to produce
highly reproducible hyperpolarized magnetic resonance data
(28), and facilitates the characterization of hyperpolarized
substrate to metabolite conversion. 31P MRS was used to
monitor changes in cell bioenergetics during the bioreactor
studies. Representative 31P spectra of the cells are shown in
Supplementary Fig. S1. Nuclear magnetic resonance (NMR)
signals for the NTPs (g-NTP,a-NTP, and b-NTP), phosphocho-
line, inorganic phosphate (Pi), and GPC were readily visible.
The total NTP content was unchanged following the injection
of hyperpolarized 13C-pyruvate, indicating maintenance of cell
viability during the course of the hyperpolarized
experiments. Figure 3 shows the PC/GPC ratios and PCþGPC
concentration in the 3 cell lines. We found significantly higher

PCþGPC concentration in theUMRC6 cells comparedwith the
UOK262 cells (P < 0.05), which was in agreement with the
steady-state 1H data from 2D cell culture. In addition to
monitoring cell energetics, 31P spectroscopy also enables
quantitative hyperpolarized data analysis by normalizing the
hyperpolarized magnetic resonance data with respect to the
number of viable cells, through concomitant measurements of
b-NTP concentration via 31P MRS.

Figure 4A illustrates the scheme of 13C-labeled carbon atom
transitions used to detect 13C-pyruvate metabolism during the
hyperpolarized magnetic resonance experiment. After the
injection of hyperpolarized 13C-pyruvate into the bioreactor,
the real-timepyruvate-to-lactatefluxwas assessed for all 3 cells
lines. The data were fit to a 2-state model of interconversion of
pyruvate to lactate and the metabolic fluxes were calculated
(28). Figure 4B shows fitted pyruvate-to-lactate flux and rep-
resentative spectra of 13C-pyruvate and lactate. The average
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fluxes, at a flow rate of 2.5mL/min in the bioreactor, for each of
these cell lines are shown in Fig. 4C. The observed flux rate was
significantly higher in the 2 RCC cell lines (UMRC6 and
UOK262) as compared with the renal tubule cell line HK2
(UMRC6 vs. HK2, P < 0.0001; UOK262 vs. HK2, P ¼ 0.003).
Unexpectedly, the observed real-time hyperpolarized pyru-
vate-to-lactate flux for UOK262 cells (representative of meta-
static RCC) was lower than that of the UMRC6 cells (repre-
sentative of localized RCC). Similar to the flux data, the area
under of the curve for the 13C lactate was higher in the RCC
cells than the normal renal tubule cells but was lower in the
UOK262 RCC cells than the UMRC6 RCC cells (Supplementary

Table S1). Additional analysis of hyperpolarized 13C dynamics
of the cells perfused in the bioreactors was summarized in
Supplementary Table S1.

mRNA expression analysis shows increased MCT4 in the
metastatic UOK262 cells

To better understand the cellular processes underlying the
hyperpolarized pyruvate flux results, we then assayed the
mRNA expression and enzyme activity level of LDHA, and the
mRNA expression of MCT1 andMCT4 in the 3 cell lines. LDHA
encodes the predominantlyM isoform of LDH, which catalyzes
the conversion between pyruvate and lactate. MCT1 mediates
the pyruvate transport into the cells, and MCT4 mediates the
efflux of the lactate out of the cells (42). We found that the
mRNA expression of LDHA was significantly higher in the
UOK262 cells than the other 2 cell lines (Fig. 5). For the LDH
activity, Km of the 2 RCC cell lines was significantly higher than
that of the HK2 cells (P < 0.03) but not significantly different
between the UMRC6 and UOK262 RCC cells. The Vmax of
UOK262 cells was significantly higher than that of HK2 cells
(P < 0.05). The mRNA expression of MCT1 was significantly
higher in theUMRC6 cells (UMRC6 vs. HK2, P¼ 0.0004; UMRC6
vs. UOK262, P ¼ 0.0002), whereas the MCT4 expression was
significantly elevated in the UOK262 cells (UOK262 vs. HK2,
P ¼ 0.001; UOK262 vs. UMRC6, P ¼ 0.02).

The higher hyperpolarized pyruvate-to-lactate flux in
UMRC6 cells, as compared with UOK262, was likely due, in
part, to the higher MCT1 expression rather than the lactate
pool size in the UMRC6 cells, as both the steady-state and 24-
hour labeling data showed lower lactate pool size in the
UMRC6 cells (Figs. 1B and 2E). Importantly, the differential
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expression of MCT4 may explain the apparent discrepancy
between the real-time hyperpolarized pyruvate-to-lactate flux
and the 24-hours labeling of lactate in the UOK262 cells
compared with the UMRC6 cells. The UOK262 cells have an
almost 2-fold higher MCT4 expression compared with the
UMRC6 cells, suggesting that they likely have more rapid
MCT4-mediated export of lactate out of the cells. Rapid lactate
efflux is essential for maintaining a neutral intracellular pH,
and a high rate of glycolysis and lactate production over time.
In contrast, UMRC6 cells have lower MCT4 expression, and
likely slower rate of lactate export. Although UMRC6 cells have
higher MCT1, these cells would be less able to maintain a high
rate of lactate production over time due to buildup of intra-
cellular lactate. Therefore, while the real-time flux of pyruvate
to lactate during the timeframe of the hyperpolarized exper-
iment was lower in the UOK262 cells than the UMRC6 cells, the
higher MCT4 expression in the UOK262 cells likely resulted in
more rapid lactate efflux and accounted for the significantly
higher 13C-labeled lactate accumulated in the medium in the
24-hour labeling experiment. Over time, the large amount of
labeled lactate accumulated in the medium of UOK262 cells
likely diffused back into the cells down a gradient, and may
explain the higher intracellular-labeled lactate in the UOK262
cells compared with the UMRC6 cells. We postulate that, while
such diffusion of lactate back into the cells may reduce further
generation of labeled lactate, this process occurs after a large
amount of lactate has already accumulated in the medium of
the UOK262 cells. This accumulation of medium lactate and
diffusion back into the UOK262 cells were likely accentuated in
the 2D cell cultures in which the extracellular lactate was not
removed, in contrast to the bioreactor in which the medium
was continuously exchanged.
It is also important to note that while MCT1 may affect the

hyperpolarized lactate signal (both the intracellular and extra-
cellular hyperpolarized lactate) if it were the rate-limiting step
in the pyruvate-to-lactate flux, the relative proportion of the
intracellular versus extracellular hyperpolarized lactate would
be determined byMCT4, whichmodulates the lactate efflux. In
addition, lactate efflux in general is not expected to be signif-

icantly affected byMCT1, asmost of the lactate produced in the
cells is derived from glucose (transported via GLUT1) rather
than pyruvate (transported via MCT1) uptake into the cells.

Hyperpolarized 13C-pyruvate magnetic resonance
combined with flow rate modulation in the bioreactor
show rapid efflux of lactate in the metastatic UOK262
cells

We then conducted a second set of hyperpolarized mag-
netic resonance experiments using different flow rates in the
bioreactor to investigate the real-time lactate efflux rate in
the 2 RCC cell lines. At high flow rates, the extracellular
lactate will more likely flow out of the NMR coil's sensitive
volume and will not contribute to the magnetic resonance
signal, thereby decreasing the observed pyruvate-to-lactate
flux (Fig. 6A). It follows that the relative amount of extra-
cellular lactate (lactate in the medium) of the 2 RCC cell
lines, which reflects the lactate efflux rate, can be inferred
from the observed hyperpolarized pyruvate-to-lactate flux at
different flow rates. Figure 6B shows the pyruvate-to-lactate
flux at different flow rates for the 2 RCC cells. For the
UMRC6 cells, the mean observed hyperpolarized pyruvate-
to-lactate flux was 0.92 nmol/s per 106 cells at 1.3 mL/min,
0.90 nmol/s per 106 cells at 2.5 mL/min, and 0.94 nmol/s per
106 cells at 3.8 mL/min, all of which were not statistically
different from one another. For the UOK262 cells, the mean
observed hyperpolarized pyruvate-to-lactate flux was 0.56
nmol/s per 106 cells at 1.3 mL/min, 0.51 nmol/s per 106 cells
at 2.5 mL/min, and 0.41 nmol/s per 106 cells at 3.8 mL/min.
These observed hyperpolarized pyruvate-to-lactate flux for
the UOK262 cells progressively decreased at higher flow rate,
with a significant 20% decrease in the flux between the 2.5
and 3.8 mL/min flow rate (P ¼ 0.01). At the high flow rate of
3.8 mL/min, the decreased pyruvate-to-lactate flux in the
UOK262 cells indicated that these cells had more rapid
lactate efflux and higher amount of extracellular lactate,
which was readily removed from the NMR-sensitive region at
high flow rate. The high flow rate should not have signifi-
cantly limited the MCT1-mediated pyruvate uptake into the

Figure 5. Analysis of relevant
enzyme expression/activity and
transporter expression in the 3 cell
lines. A, mRNA expression of LDHA
andmonocarboxylate transporters 1
and 4 (MCT1 and MCT4), relative to
internal b-actin expression, in the 3
cell lines (N¼6 each). B, LDHactivity
as measured by Km (mmol pyruvate/
106 cells) and Vmax (mmol NADH/s/
106 cells) in the 3 cell lines (N ¼ 6
each). All values are reported as
mean � SE. �, significant difference
(P < 0.05).
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cells. This is because the injected hyperpolarized pyruvate
substrate available to the cells was expected to be in excess
compared with MCT1, even at the high flow rate of 3.8 mL/
min. Indeed, the UMRC6 cells, with 2-fold higher expression
of MCT1 compared with the UOK262 cells, showed similar
hyperpolarized pyruvate-to-lactate flux at all 3 flow rates,
indicating that the flow rates did not limit pyruvate uptake.
The flow rate should also not have affected the enzymatic
conversion of pyruvate to lactate in the cells. Taken together,
the hyperpolarized flux data at different flow rates strongly
support the notion that the UOK262 cells have increased
MCT4-mediated lactate efflux out of the cells.

In addition, we incubated the UMRC6 andUOK262 cells for 2
hours in medium containing [3-13C] pyruvate, and observed
0.47 � 0.05 versus 2.32 � 0.27 mmol/106 cells of 13C-labeled
lactate in the medium of UMRC6 versus UOK262 cells. This
more than 5-fold increase in the extracellular lactate of the
UOK262 cells further verifies that lactate derived from labeled
pyruvate is produced and transported out of the cells at a

higher rate in the UOK262 cells compared with the UMRC6
cells.

Discussion
There is increasing evidence that RCCs are among those

tumors strongly linked to abnormal metabolism, a feature that
may be exploited therapeutically. In this work, we investigated
the pyruvate metabolism in perfused human RCC cells using a
clinically translatable hyperpolarized 13C magnetic resonance
probe, and interrogated both the biochemical basis of the
observed hyperpolarized magnetic resonance data and its
relationship to cancer aggressiveness. We found higher pyru-
vate-to-lactate flux, consistent with increased glycolysis, in
RCC cells compared with normal renal proximal tubule cells.
We further noted that a key feature distinguishing the localized
UMRC6 from the metastatic UOK262 RCC cells is the lactate
efflux rate, and that, importantly, this feature can be nonin-
vasively depicted via real-time monitoring of hyperpolarized
13C-pyruvate-to-lactate flux.

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.3 2.5 3.8 

H
P

 P
yr

 to
 L

ac
 fl

ux
 

 
(n

m
ol

/s
 p

er
 1

06
 c

el
ls

) 

Flow rate (mL/min) 

UMRC6 

UOK262 

*

Flow

Low flow rate

B

A High flow rate

*

Figure 6. Dynamic hyperpolarized
pyruvate-to-lactate flux in the RCC
cells following flow rate
modulation in the bioreactor. A,
schematic illustrating the
relationship between flow rates
and observed hyperpolarized
pyruvate-to-lactate flux in the
bioreactor. At high flow rates, the
extracellular lactate will more likely
flowout of the NMRcoil's sensitive
volume and will not contribute to
the magnetic resonance signal,
thereby decreasing the observed
pyruvate-to-lactate flux. The
dotted square represents NMR
sensitive region. *, encapsulated
microspheres containing cells.
&, extracellular lactate. B,
hyperpolarized pyruvate-to-
lactate flux of UOK262 and
UMRC6cells at 3different flow rate
(N¼ 5 each). There is a decreasing
trend in observed pyruvate-to-
lactate flux with increasing flow
rate for UOK262 cells. All values
are reported as mean � SE.
�, significance (P < 0.05).

Keshari et al.

Cancer Res; 73(2) January 15, 2013 Cancer ResearchOF8

Research. 
on April 10, 2013. © 2012 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 30, 2012; DOI: 10.1158/0008-5472.CAN-12-3461 

http://cancerres.aacrjournals.org/


Lactate efflux is predominantly mediated byMCT4, which is
a proton-coupled lactate transporter (42), exporting lactate
and Hþ in the same direction out of the cells. Rapid lactate
efflux serves tomaintain high levels of glycolysis in cancer cells
and concurrently acidifies the extracellular environment (11).
Low extracellular pH supports invasion and metastasis, per-
haps due to pH-dependent activation of cathepsins andmetal-
loproteinases that degrade extracellular matrix and basement
membranes (43). In this study, we found that the metastatic
UOK262 cells have significantly higher MCT4 expression com-
paredwith the localizedUMRC6cells, and also havemore rapid
export of lactate out of the cells. UOK262 cells have mutations
in the TCA enzyme fumarate hydratase, which leads to an
uncommon and highly aggressive hereditary RCC. However,
recent studies have shown that fumarate hydratase mRNA and
protein expression are reduced in clear cell RCC, the most
common histologic variant of kidney cancer, promoting tumor
migration and invasion (44). The reduced fumarate hydratase
leads to accumulation of hypoxia inducible factor-2 alpha
(HIF-2a; ref. 45), a transcription factor known to promote
renal carcinogenesis in part by upregulating glycolysis (17).
Thus, the metabolic changes observed in the UOK262 cells are
likely not unique to this particular RCC type, and the MCT4-
mediated lactate efflux may be an important determinant of
RCC aggressiveness in general. Supporting this hypothesis, a
recent study showed that MCT4 protein expression in primary
clear cell RCCs was associated with poorer relapse-free sur-
vival, and correlated with Fuhrman nuclear grade (46). In
addition, MCT4 knockdown RCC cell lines had reduced intra-
cellular pH, impaired proliferation, and increased apoptosis
(46). These studies indicate thatMCT4 targetingmay also be an
important strategy for the treatment of RCCs.
We showed that the MCT4-mediated lactate efflux in

living cells can be explored noninvasively using hyperpolar-
ized 13C magnetic resonance. This was accomplished by
monitoring the real-time cellular pyruvate-to-lactate fluxes
under different flow rates in the bioreactor. While our study
used an ex vivo system, interrogation of lactate export using
hyperpolarized 13C magnetic resonance can be achieved
in vivo. For example, it is possible to measure the tumoral
extracellular or interstitial pH, which in part reflects the
amount of exported lactate, using hyperpolarized 13C bicar-
bonate magnetic resonance (47, 48). Moreover, it is possible
to discriminate the local environment of hyperpolarized
metabolites using diffusion weighting in vivo (49, 50). Future

studies will develop diffusion-weighted hyperpolarized mag-
netic resonance that can directly quantify the relative
amount of intracellular versus extracellular lactate.

While total lactate levels can also be monitored using 1H
MRS, this approach has limited use in themetabolic evaluation
of renal tumors, particularly in the in vivo setting. Lactate and
lipid peaks usually overlap such that the assessment of lactate
is challenging even when methods for lipid suppression are
applied. More importantly, the real-time metabolic fluxes,
influenced by enzymatic and transporter expression, cannot
be captured using 1H MRS.

In conclusion, we have shown that hyperpolarized 13C-
pyruvate MRS enables real-time observation of differential
lactate efflux, mediated by MCT4, in living RCC cells of varying
aggressiveness. Importantly, as MCT4 and lactate efflux are
implicated in the pathogenesis of many types of cancers,
hyperpolarized 13C MRS has the potential to noninvasively
interrogate tumor aggressiveness and treatment efficacy in a
broad range of cancers.
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Hyperpolarized Carbon-13 MRI and MRS Studies
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Imaging of hyperpolarized nuclei provides significant new insights into previously inaccessible aspects of disease biology. Many of the
biomolecules crucial for understanding and monitoring metabolism are present in low concentration and are often beyond the detection
threshold of traditional magnetic resonance spectroscopy and imaging. A solution is to improve sensitivity by a factor of 10 000 or more
by temporarily redistributing the populations of nuclear spins in a magnetic field, a process termed hyperpolarization. Nuclei such as 13C
in metabolically active biomolecules can be hyperpolarized, providing unprecedented gains in sensitivity for imaging biologic compounds.
Although the first US National Cancer Institute-sponsored white paper describing the potential of this new molecular imaging technique was
published only 3 years ago, over 60 biomolecules have been hyperpolarized and tested in preclinical studies. Moreover, a phase 1 clinical trial
of hyperpolarized [1-13C]pyruvate in prostate cancer patients has demonstrated that this powerful technology can be translated to the clinic.
This review is focused on the dissolution dynamic nuclear polarization (DNP)-based hyperpolarization technique and summarizes the acquisition
techniques used for hyperpolarized 13C imaging, in vivo applications of some of the most promising hyperpolarized 13C labeled biomolecules,
and its clinical translation.
Keywords: hyperpolarized dissolution dynamic nuclear polarization (DNP), carbon-13 magnetic resonance imaging (MRI), 13C
magnetic resonance spectroscopic imaging (MRSI), pyruvate, lactate, metabolic imaging, molecular imaging
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Introduction
In vivo hyperpolarized (HP) 13C MRI is an extraordinary
metabolic imaging technique that can provide valuable, new
information on previously inaccessible aspects of biological
processes in a wide range of disorders including cancer, car-
diac disease, diabetes, and liver disease. Hyperpolarized 13C
MR provides a >10 000-fold signal enhancement for detect-
ing endogenous, nontoxic 13C-labeled probes, such as pyruvate,
that can monitor enzymatic conversions through key biochem-
ical pathways. This novel technique lifts the prior constraint
on MR metabolic imaging, namely poor sensitivity, and owing
to its rapid <1 min acquisition time can be integrated into
a clinical MR examination. The detection of flux through
individual enzyme-catalyzed reactions offers a fundamentally
new approach to imaging and understanding disease biology,
and this approach is clinically translatable. Another important
feature of HP 13C MR is that it encodes chemical as well as
spatial information, thereby providing the potential for using
multiple HP MR probes to detect several metabolic and/or
physiologic processes simultaneously after the injection of a
single bolus.1–3 A number of 13C labeled biomolecules other
than pyruvate have been suitably HP and preclinical studies
have shown the potential for several of these 13C labeled probes
to provide information about metabolism, perfusion, pH, and
cellular redox status.4 Moreover, methods for copolarizing
multiple probes have been developed, and such probes have
been successfully polarized and injected in preclinical models.5,6

For these reasons, HP MR imaging has generated great interest
in the imaging community and is the subject of many recent
invited review articles,4,7–24 numerous workshops, a National
Cancer Institute (NCI)-sponsored white paper,25 and a phase
1 clinical trial in prostate cancer patients.26 Although there
are multiple ways to achieve polarization27–29 in this article,
we have focused on the dissolution DNP method of preparing
carbon-13 enriched endogenous substrates for both preclinical
and clinical in vivo studies.

Dissolution Dynamic Nuclear Polarization
(dDNP)
Hyperpolarized 13C MRI using the dDNP technique is a pow-
erful in vivo metabolic imaging technique that was originally
developed by Ardenkjaer-Larsen et al. in 2003.30 The meth-
ods and instrumentation are now being further developed to
enable new preclinical and even human studies using sterile,
HP metabolites. As HP 13C MR spectroscopic imaging (MRSI)
encodes chemical as well as spatial information, this new molec-
ular imaging technique allows the simultaneous detection of
multiple biologic compounds and metabolic products. DNP
methodology is based on polarizing nuclear spins in the solid
state through coupling of the nuclear spins with unpaired elec-
trons that are added to the sample via an organic free radical.3,31

In the amorphous solid state, the high-electron spin polariza-
tion is in part transferred to the nuclear spins by microwave
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irradiation. Critical for in vivo use of this method is the ability
to dissolve the polarized, cold solid sample, creating a warm
solution while preserving its nuclear polarization. This process
was accomplished by scientists from Amersham Biosciences,
which is currently part of GE Healthcare. They demonstrated
that polarizations of 37% for 13C can be obtained after dis-
solution of the polarized solid, with a corresponding signal
enhancement of 44 400.26,30 This HP liquid sample can then be
used as a probe for in vivo imaging or spectroscopy, and it has
been demonstrated that 13C angiography with an S/N of ≈275
can be acquired in ≈0.25 s after an injection of HP aqueous 13C
urea solution in rat models.1 A further advantage of using 13C
NMR is that unlabeled tissues are virtually invisible so that sig-
nals from the HP substrate and subsequent metabolic products
provide the dominant contribution to the NMR acquisition. A
long longitudinal relaxation time (T1) is required to maintain
the polarization until the time of in vivo imaging. The T1 values
of 13C in small molecules are significantly longer (>10 s) than
those of protons, particularly when the 13C is a carbonyl carbon
with no adjacent protons. In fact the C-1 carbonyl of pyruvate
has a T1 of ≈70 s in solution, and sodium pyruvate is well toler-
ated by animals. These considerations and its well-documented
safety profile have led to [1-13C]pyruvate being used as one of
the first in vivo HP substrates for metabolic studies.

The DNP polarizer instrumentation approach originally
described by Ardenkjaer-Larsen et al.30 has been widely used
in the university setting and commercialized by Oxford Instru-
ments in their HyperSense product. This basic hardware was
then modified for sterile HP pyruvate generation in a clean
room under clinical pharmacy regulation and oversight for
the first phase 1 clinical trial.26 Since recent past, a new DNP
instrumentation technology has been developed to polarize
simultaneously and dissolve up to four HP [1-13C]pyruvate
samples in succession using plastic fluid paths and a novel
magnet cryostat which attains <1 K temperatures with mini-
mal helium usage.32 For clinical use, compounding and filling
take place in a sterile environment, with the vial and fluid
path delivered as a preassembled package to be loaded into the
polarizer. This new DNP polarizer also enables new preclinical
research experiments that benefit from its ability to dissolve in
rapid succession, multiple HP samples to study the temporal
response of pharmaceutical interventions over a time range of
just a few minutes.33

Acquisition Techniques for Hyperpolarized
13C Imaging
The acquisition of HP 13C data requires specialized MR scan-
ner hardware, pulse sequences, reconstruction methods, and
analysis techniques. A major temporal challenge arises from
the typically subminute T1 relaxation times of the carbon-13
nucleus in the parent molecule and its metabolic products
that cause the HP signal to decay back to its thermal equilib-
rium. The detectable 13C signal for MRI is a function of the
degree of polarization, the T1 relaxation time, the concentra-
tion of the metabolite, and the specific metabolic processes
that the 13C labeled molecule undergoes. The available time
for imaging with an initial signal enhancement of 10 000 is

approximately five times the T1 relaxation time. Also each
RF excitation, being repeatedly applied during data acquisi-
tion, typically causes a substantial loss of HP signal. Therefore
acquisition methods that minimize the number of RF pulses
can greatly improve the resulting signal-to-noise ratio (SNR) of
the HP MR data. For single time-point acquisitions, the choice
of time-window is dictated by the delivery and uptake rate of
the injected HP compound and the rate of conversion to its
downstream metabolic products in the tissue/tumor region of
interest.

Owing to the nonrenewable nature of the magnetization
and fast decay, signal-sampling schemes need to minimize the
acquisition time and the number of excitation pulses, and
maximize the retention of polarized signal. A wide variety
of acquisition strategies have been developed to maximize
the SNR and resolution, while minimizing the number of
excitations.34,35 For slice- or coil-only localized spectroscopy,
commonly a short repetition time (TR, as compared with T1)
and a small flip-angle pulse and acquire sequence have been
employed.2,36

MRI, MR spectroscopy (MRS), and hybrid approaches have
all been used for the acquisition of HP 13C MR data. In some
studies just a single resonance is excited and then imaged
using a rapid spatial encoding scheme.7 In others, spectro-
scopic imaging provides distributions of multiple resonances
simultaneously. To address the reduction in signal caused by
T1 decay, many studies have made use of small-tip-angle pulse
sequences.1,2,30,37–40 Variable flip-angle approaches have been
utilized as well: these approaches are designed to maximize
sampling of the available polarization while providing approxi-
mately constant signal following each data acquisition,41 rather
than the progressively declining signal that occurs with a con-
stant flip-angle excitation scheme. To optimize this approach,
the approximate T1 relaxation time(s) in vivo must be known
and the flip-angle needs to be accurately calibrated.

For HP 13C MRSI, it is important to consider that optimal
detection of biomedical information requires optimal sam-
pling not only in the spectral domain but also in the spatial
and temporal domains. This necessitates spectral encoding
with sufficient spectral resolution and bandwidth, along with
spatial imaging encoding with the required spatial resolu-
tion. Several fast spectroscopic imaging approaches have been
developed and applied to provide spatial and spectral infor-
mation on the uptake and metabolism of HP probes.3,41,42

Single-slice two-dimensional spectroscopic imaging with ellip-
tical central k-space sampling has provided both spatial and
spectral information in a rapid acquisition for preclinical car-
diac measurements.42 A three-dimensional volume sampling
approach employing phase encoding in two spatial dimensions
and an echo-planar readout gradient in the third dimension
have been widely used for 15-s 13C spectroscopic imaging,
both preclinically3,41 and in patients.26 However, the latter
approach provides just one set of spatial distribution data
with limited coverage, and averages the metabolic changes
occurring over that time period. Recent acquisition develop-
ments have focused on greatly accelerating data acquisition
using fast echo-planar spectroscopic imaging (EPSI) and spiral

2  2014 John Wiley & Sons, Ltd. Volume 3, 2014
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readouts as well as compressed sensing and parallel imag-
ing. These methods also benefit the detection of dynamic HP
signal changes. By combining EPSI and compressed sensing
in spatial and temporal dimensions, serial volumetric HP 13C
data can be acquired with a 2 s time resolution, and with a 34-
fold acceleration compared to conventional MRSI encoding.43

Another important method for accelerating HP MR acquisi-
tions is parallel signal reception, similar to that used widely
for clinical parallel imaging with phased array coils. Special-
ized eight-channel coils tuned to the carbon-13 frequency have
been developed and tested to provide highly accelerated HP
3-D MR data in preclinical animal studies prior to their future
application in human studies.44

Specialized multiband RF pulses have been developed to
reduce the RF excitation of the initially polarized substrate, thus
leaving significantly more polarization available for detection
of the metabolic products.45,46 These pulses apply a smaller tip-
angle to the frequency of the substrate and a larger tip-angle to
the resonances of the products. This approach has improved
the SNR of the products by preserving the polarization of
the substrate, and allowed serial spectroscopic imaging with a
time resolution of 2 s to monitor the temporal dynamics of
[1-13C]pyruvate uptake and metabolism.46

While numerous preclinical studies and the aforementioned
clinical trial have shown that the pyruvate T1 is more than long
enough to obtain valuable biomedical data, other groups are
developing agents with longer T1 values, utilizing long-lived
single states.47,48 These advances could significantly broaden
the applicability of HP 13C to detect biological process on a
longer time scale.

In Vivo Applications of Hyperpolarized 13C
MRI
As previously mentioned, a challenge facing HP MR is the
relatively short duration of the polarization, and the impact
of specific metabolic processes on the T1 of the HP probe.
This means that to study metabolism, the HP substrate must be
rapidly transported via the bloodstream to the tissue of interest,
be quickly taken up by the cell, and be promptly metabolized
in a manner that does not overly restrict the rotational freedom
(correlation time) of the HP probe. Furthermore (unlike PET
tracers), the amount of substrate that must be injected is in
the physiologic range and in cases involving supraphysiologic
boluses, could alter metabolic processes. If the HP substrate is
to be used in the clinic then it must also be nontoxic at these
relatively high concentrations. Approximately 60 biomolecules
have been polarized and tested in preclinical studies to date.
Even if only a small percentage of these substrates make it to
the clinic, it is already clear that these could provide unique
and important information on disease severity, prognosis, and
treatment response. In discussing the potential of HP substrates
for imaging cellular metabolism in cancer and other diseases,
perhaps the best approach is to discuss the substrates or probes
that have been successfully HP and to describe how they have
been used in preclinical models and the information they
provide.

Metabolism of Hyperpolarized Pyruvate

[1-13C]Pyruvic acid has been the prototype HP substrate due
to its ease of polarization, water solubility, long T1, central role
in cell metabolism, and its rapid uptake and metabolism in
cells8. Pyruvate is the end product of glycolysis. It is reduced
by the enzyme lactate dehydrogenase (LDH) with the cofactor
nicotinamide adenine dinucleotide (NADH) to generate lac-
tate, which has been the most well-studied reaction by HP MR.
At steady state, the kinetics of LDH can be characterized as
an ordered bireactant scheme, specifically a Theorell–Chance
mechanism. First the enzyme binds the reduced dinucleotide
cofactor (NADH) and then it binds the substrate pyruvate and
catalyzes its reduction to the product lactate via a hydride trans-
fer. At high concentrations of pyruvate, LDH has been shown
to be substrate-inhibited, and the concentration of pyruvate in
the cell is tightly regulated in glycolysis.8 Pyruvate is rapidly
transported into the cell by members of the monocarboxy-
late transporter (MCT) family, predominantly MCT1, and the
magnitude of conversion to labeled lactate can be, but is not
always, limited by the specific activity of MCT. For example,
it has been shown that pyruvate transport into the cell is the
limiting factor for the formation of lactate in certain cells
such as breast and renal cell carcinoma and not in prostate
cells such as PC3.49,50 Once in the cell, the high availability of
NADH and LDH allows for near instantaneous conversion to
lactate, and it is important to note that if the lifetime of the
pyruvate–LDH complex was long during the conversion to
lactate, the HP signal would decrease more rapidly because of
an increased molecular correlation time.8 In addition, several
published studies have demonstrated that the majority of the
HP signal arises from 13C label exchange between pyruvate
and lactate pools, which depend on the equilibrium pool sizes
rather than net synthesis.4,51–53 Once reduced, the HP lactate
is incorporated into the intracellular lactate pool. However, HP
lactate can also be transported out of the cell within the time
frame of the HP study, predominantly through MCT4, which
has also been shown to be upregulated in cancer cells.50

Alternatively, pyruvate undergoes transamination with glu-
tamate to form alanine, in the reaction catalyzed by alanine
transaminase (ALT). This reaction is readily reversible in
the cell and therefore the polarized 13C label introduced in
[1-13C]pyruvate can effectively exchange with preexisting pools
of alanine.52 A third reaction involves the irreversible decar-
boxylation of [1-13C]pyruvate to HP 13C-labeled carbon diox-
ide in the reaction catalyzed by the mitochondrial enzyme
pyruvate dehydrogenase (PDH). The carbon dioxide released
is subsequently interconverted with bicarbonate through both
carbonic anhydrase and acid–base chemistry, providing a mea-
sure of intracellular pH.

As described later, the reactions catalyzed by LDH and ALT
have been observed to be altered in cancer23 as is the expres-
sion of the MCT which mediates pyruvate uptake and lactate
export.54 Production of 13CO2, and in turn 13C bicarbonate,
has been linked to changes in cardiac status17 as well as response
to chemotherapeutics.

It is important to emphasize that, as a consequence of the
inherent chemical information in the 13C NMR spectrum, it
is possible to detect the metabolic fate of HP [1-13C]pyruvate
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Figure 1. Spectral and spatially resolved dynamic hyperpolarized imaging on TRAMP mice. (a) T2 weighted proton image of a high-grade TRAMP
tumor with arrows pointing to the primary tumor as well as the lymph node metastasis. (b) Hyperpolarized 13C spectral peak height plots showing the
time courses for the signals of hyperpolarized [1-13C]pyruvate and its metabolic products following the injection of 350 µl of hyperpolarized pyruvate. The
pyruvate was injected at a constant rate from 0 to 12 s. The MR spectra were acquired every 3 s using a 5◦ flip angle and a 10 mm thick slice. The peak height
plot was corrected for the amount of magnetization used to record the previous n spectra by dividing each peak height by cosn(5◦). The hyperpolarized
pyruvate quickly reached a maximum at 24 s before being converted to lactate and alanine. (c) The 3-D MRSI 13C data was recorded between 35 and 49 s
(based on the dynamic plot in b), a time when the hyperpolarized lactate signal was roughly constant. The hyperpolarized 13C spectra represented were
normalized to correct for differences in polarization and receiver sensitivity. A double spin-echo pulse sequence with a small variable flip-angle excitation
pulse, adiabatic refocusing pulses, and a flyback echo-planar readout trajectory was used to acquire the 3-D MRSI data with a nominal resolution of
0.14 cm3 and zero filled to a resolution of 0.017 cm3. (d) Hyperpolarized [1-13C]lactate intensity map (ratio to noise) overlaid on T2 weighted proton
image

simultaneously through multiple enzyme-catalyzed reactions
in vivo (Figure 1). As described in section titled ‘Acquisi-
tion Techniques for Hyperpolarized 13C Imaging,’ both fast
dynamic 13C MR as well as high-spatial resolution localized
spectroscopic imaging data have been acquired at a single time
point using specialized pulse sequences. Figure 1 shows both
1-D slab dynamic HP 13C MR data and one slice of a 3-D spec-
troscopic imaging data set from a transgenic murine prostate
(TRAMP) cancer model. The HP 13C MR data was acquired
with a double spin-echo pulse sequence using small variable
flip-angle excitation pulses, adiabatic refocusing pulses, and a
flyback echo-planar readout trajectory.55 The metabolic data
can be overlaid on the corresponding anatomic images as
shown for the lactate intensity map in Figure 1(d). The overlaid
lactate image shows increased HP lactate production in the
primary tumor and an adjacent lymph node metastasis.

Absolute quantification of the HP pyruvate and its metabo-
lites is difficult owing to several factors, including differences in
polarization, and simultaneous signal loss due to T1, metabolic
conversion, and RF sampling. For this reason, ratiometric anal-
yses of pyruvate and lactate signal intensities, as is shown for
lactate/noise ratio for prostate cancer in Figure 1(d), has been

the simplest and most commonly used method to distinguish
normal from diseased tissues. Another common ratio used is
the lactate/pyruvate ratio, which is critically dependent on the
delivery of the substrate and the timing of the acquisition, as
shown in Figure 1(b). For example, although the single time-
point imaging data in Figure 1 was acquired at a time when
HP lactate was relatively constant (39–45 s), the HP pyruvate
signal was dropping dramatically. This leads to dramatically
different lactate/pyruvate ratios depending on the time of the
acquisition as well as potential variability in HP pyruvate deliv-
ery. The practicality of acquiring localized kinetic data opens
the possibility of measuring metabolic fluxes by fitting the
dynamic data to kinetic models.56–58 However, the modeling
of metabolic fluxes from HP 13C MR data is still in its infancy
and current approaches suffer from a number factors, includ-
ing assumed/estimated T1’s, unknown pool sizes, unknown
metabolite compartmentalization, and the assumptions under-
lying the specific models used. A simple approach has been to
look at the ratio of the area under the dynamic metabolite curves
of the precursor and product. Hill et al.59 and Bastiaansen et al.60

have shown that this approach provides similar information to
the metabolic fluxes obtained from a two-site exchange analysis.

4  2014 John Wiley & Sons, Ltd. Volume 3, 2014
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[1-13C]Pyruvate: Applications to Cancer. Increased flux of HP
pyruvate to lactate, mediated by LDH, has been correlated
with an increased pathologic grade in the TRAMP model55

of prostate cancer. The ability to noninvasively determine
prostate cancer grade addresses a critically important question
for men diagnosed with prostate cancer: does the patient have
an aggressive cancer that needs to be treated aggressively, or
indolent disease where treatment can be delayed? Although
a large number of men, 233 000 in 2014, are diagnosed with
prostate cancer in the United States, only approximately 10%
will develop lethal disease and die of metastatic prostate cancer.
This has led to significant overtreatment of this common
disease, emphasizing a need to be able to image aggressive
disease. The fast spectroscopic imaging techniques described
earlier can also provide spatially resolved dynamic data of
HP pyruvate metabolism and spatially variable uptake of HP
pyruvate and HP lactate production in the TRAMP model. This
metabolic heterogeneity was shown to correlate with tumor
cellularity and necrosis,43 and could be used to monitor the
variable response of these tumors to therapy. Another report has
demonstrated significantly higher HP lactate production in two
human glioblastoma xenograft models where the blood–brain
barrier (BBB) was disrupted relative to normal brain, suggesting
that HP MR metabolic imaging may be valuable for assessing
prognosis and monitoring response to therapy for patients with
brain tumors.61

Decreased HP lactate production from pyruvate has cor-
related with effective treatment for several different cancers
and types of therapy.23 Clinically this provides an invaluable
tool, allowing the oncologist to assess the efficacy of a drug
at the metabolic level, well before any appreciable change in
tumor volume occurs. The decrease in the amount of HP lac-
tate observed after therapy has been attributed to a number
of factors, including decreased LDH expression and activity,
and/or decreases in tumor cellularity, and/or a loss of the coen-
zyme NAD(H), depending on the therapy and cancer being
investigated.62 Decreased HP lactate/pyruvate ratio was also
observed at 96 h postradiation therapy in a subcutaneous ani-
mal model of breast cancer.63 Zhang64 has extensively discussed
the potential of HP 13C to assess a number of signaling path-
ways important to cancers. These findings highlight the value
of this technique as a method to confirm drug delivery and
drug-target modulation prior to, or in the absence of, apoptosis
and a reduction in tumor size. As positron emission tomog-
raphy (PET) using 18F-fluorodeoxyglucose (FDG) can provide
similar metabolic information as HP pyruvate, it is important
to compare these techniques in the setting of monitoring ther-
apy. In one study65 FDG uptake measured by PET was found
to provide an earlier (at 16 h) measure of treatment response
than HP [1-13C]pyruvate, although at 24 h the two techniques
provided similar information. However, HP [1-13C]pyruvate
may have advantages over FDG PET for certain cancers, such as
prostate and brain cancer. In both these cases, the normal tissue
has significant glucose or FDG uptake66,67 and the presence and
aggressiveness of the cancer can be better monitored by the
metabolic fate of the [1-13C]pyruvate taken up.

[1-13C]Pyruvate: Other Applications. In preclinical studies HP
[1-13C]pyruvate has demonstrated significant potential for

studying both normal tissues and human diseases other than
cancer. For example, HP cardiac [1-13C]pyruvate metabolism
has been measured both in vivo68 and in the isolated perfused
rat heart.69,70 Metabolites identified include HP [1-13C]lactate,
[1-13C]alanine, and 13CO2. Fasted animals showed a reduction
in HP 13CO2 production compared to fed controls and a
similar reduction was observed following the induction of type
1 diabetes, where the decrease in 13CO2 production correlated
with disease severity. Total global ischemia in isolated perfused
rat hearts resulted in the production of [1-13C]lactate and
[1-13C]alanine but not H13CO3

− or 13CO2.
Detection of HP pyruvate and its metabolic products has

also been demonstrated in rat liver, with significant differ-
ences in metabolism observed for the fed and fasted states.
Hyperpolarized pyruvate has also been used to measure ALDH-
2 (aldehyde dehydrogenase) activity in ethanol treated rat
liver.71 Increased lactate formation was observed in the rat
liver because of an increased availability of NADH formed
from catalyzing ethanol to acetate conversion via the alco-
hol dehydrogenase and aldehyde dehydrogenase pathway. In
a recent study56 the hepatic gluconeogenic pathway was mon-
itored using HP pyruvate in mice with high-fat diet-induced
type 2 diabetes. Intermediates of pyruvate anaplerosis, includ-
ing oxaloacetate (OAA), malate, and aspartate were monitored
dynamically. Increased pyruvate carboxylase activity resulted
in an increased pool of OAA and a subsequent increase in
aspartate compared to control mice. An increase in malate
was also observed because of an increase in malate dehy-
drogenase activity in fatty livers of these mice. Increased
HP [1-13C]alanine in this model has been observed to be a
biomarker of diabetes-induced liver dysfunction as it corre-
lates with the ex vivo ALT activity. This finding is valuable
because serum ALT activity is the current clinical ‘gold stan-
dard’ to assess hepatotoxicity and this standard suffers from
lack of organ specificity in the absence of correlative his-
tomorphological alteration in the liver.72 Furthermore, this
above-mentioned study demonstrated the sensitivity of HP
13C MR for detecting changes in liver metabolism induced by
glucagon administration (increased OAA, aspartate, and bicar-
bonate) and metformin therapy (decreased OAA, aspartate,
and bicarbonate).

While the kidney has been a major organ of interest to study
perfusion kinetics with HP pyruvate and urea,73 a recent study
investigated the renal metabolic changes due to diabetes in a
streptozotocin rat model.74 In this type I diabetes animal model,
the early metabolic changes associated with the hyperglycemic
state were detected via an increased LDH activity in the kidneys
resulting in a 1.5-fold increase in the lactate/pyruvate ratio.74

The impact of radiation treatment on normal tissues such
as the thorax, lung, and heart have been detected using HP
[1-13C]pyruvate. Specifically, radiation-induced hypoxia led to
an increase in anaerobic glycolysis, as measured by a doubling
of the lactate/pyruvate ratio of these organs in radiated rats as
compared to control animals.75

There has been some debate as to whether pyruvate
crosses the BBB of the healthy brain rapidly enough to allow
metabolism and imaging within the T1 of HP [1-13C]pyruvate.
However, a recent study76 demonstrated detectable cerebral

Volume 3, 2014  2014 John Wiley & Sons, Ltd. 5
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HP [1-13C]pyruvate metabolism when either [1-13C]pyruvate,
ethyl pyruvate, or the lipophilic ethyl ester of [1-13C]pyruvate,
were used, although the ethyl pyruvate was taken up and
metabolized to a much higher degree. The problem with using
ethyl pyruvate is that an equivalent of ethanol is generated
in the brain for every [1-13C]pyruvate generated. That study
demonstrated that either high doses of HP [1-13C]pyruvate or
ethyl pyruvate may be viable agents for brain imaging even in
diseases that do not substantially impact the BBB, for example,
infiltrating gliomas, Alzheimer’s disease, nonenhancing
multiple sclerosis, and acute stroke.

[2-13C]Pyruvate. When [2-13C]pyruvate, is used instead
of [1-13C]pyruvate,77 the 13C-label is incorporated into
tricarboxylic acid (TCA) cycle intermediates rather than being
released as 13CO2. This makes [2-13C]pyruvate an attractive
substrate to assess the intermediate oxidative phosphorylation
metabolites despite the shorter T1 (≈44 s) of the C-2 of
pyruvate compared to the 56 s T1 of C-1 (at 3 T) and
broader line width (30–40%) presumably due to stronger
13C–1H coupling.78 In the perfused rat heart,77 the conversion
of HP pyruvate to [2-13C]lactate, [1-13C]acetyl-carnitine,
[1-13C]citrate, and [5-13C]glutamate was observed. However,
the very short T1 (6 s) of [2-13C]lactate (and its multiplicity due
to 1H–13C spin coupling at the C-2 position) greatly reduces
the sensitivity of [2-13C]pyruvate for detecting lactate flux. The
detection of HP citrate and glutamate allows a measurement
of flux through the citric acid cycle, and following cardiac
ischemia, the TCA cycle intermediates, [1-13C]citrate and
[5-13C]glutamate, decreased and [2-13C]lactate increased.77

In the rat brain, increasing the HP pyruvate injection con-
centration to 125 mM led to the observation of multiple TCA
cycle intermediate metabolites including [5-13C]glutamate and
[1-13C]citrate79 indicating that pyruvate was getting across the
BBB in sufficient time for metabolism to occur. By increas-
ing PDH activity through dichloroacetate (DCA) stimulation,
detection of HP [1-13C]acetyl carnitine signal along with a 40%
increase in HP [5-13C]glutamate was observed.

[1,2-13C]Pyruvate. The use of [1,2-13C]pyruvate enables an
assessment of simultaneous fluxes through both LDH/ALT as
well as the TCA cycle with equal sensitivity. However, lower
SNR due to 13C–13C coupling of the doubly labeled com-
pound and the overlap of the coupled resonances of C-1
pyruvate–hydrate with [1-13C]citrate somewhat reduces the
utility of [1,2-13C]pyruvate. These limitations can be over-
come by increasing the polarization or concentration of
[1,2-13C]pyruvate and optimizing the detection strategy. [1,2-
13C]Pyruvate was used to show that it is feasible to detect
multiple pathways simultaneously along with intracellular pH
in a pig heart, as shown in Figure 2. The dynamic produc-
tion of [1-13C]lactate via glycolysis, and H13CO3

−, 13CO2, and
[5-13C]glutamate via the TCA cycle, is shown in Figure 2(b).
One of the challenges in measuring intracellular pH from
the equilibrium of H13CO3

− and 13CO2 using a modified
Henderson–Hasselbalch approach (as described later) is that
at physiologic pH, the 13CO2 is 10-fold lower in SNR than the
H13CO3

−. To overcome this SNR issue, Chen et al. applied

two signal-averaging approaches for increasing the sensitivity
of HP CO2 detection in dynamic trace in Figure 2(c).

13C Bicarbonate

H13CO3
− polarizes well, has a relatively long T1 (48.7 s

at 11.7 T), and when injected provides a measurement
of extracellular rather than intracellular pH. The injected
HP H13CO3

− readily diffuses from the vasculature into
extracellular spaces and is quickly interconverted with 13CO2
through both carbonic anhydrase and acid–base chemistry,
thereby providing a measure of extracellular pH. The pH
is calculated using the ratio of H13CO3

−/13CO2 based on
a modification of the Henderson–Hasselbalch equation
(pH = pKa + log10([H13CO3

−]/[13CO2]). As this technique
is ratiometric, it does not require a measurement of the HP
probe concentration to get an absolute pH measurement,
and the ratio changes by a factor of 10 in the physiological
pH range. The very rapid interconversion of H13CO3 and
13CO2, catalyzed by carbonic anhydrase, ensures that the
T1’s of H13CO3 and 13CO2 are similar and therefore there
is no need to correct for differential polarization decay. pH
images can be obtained by measuring the H13CO3/13CO2 ratio
acquired by adopting fast spectroscopic imaging approaches,
and studies have shown that the extracellular pH in both
lymphoma and prostate cancer was more acidic than that in
the surrounding benign tissues.5,11 This approach could have a
large clinical impact given the wide range of pathological states
that are associated with an acidic extracellular environment.
Bicarbonate is abundant in tissue (∼25 mM) and is already
infused into patients at the concentrations that would be
needed for HP 13C imaging measurement of tissue pH.

[1,4-13C2]Fumarate

Following intravenous injection of HP [1,4-13C2]fumarate, its
metabolism to HP [1,4-13C2]malate by the enzyme fumarase
has been demonstrated in tumors80 and in skeletal muscle.81

The signal from HP malate increased significantly in skeletal
muscle following ischemia and reperfusion, suggesting that it
may be used as a positive contrast agent for identifying ischemic
injury. The accumulation of malate in ischemic muscle was
suggested to be due to a block in the TCA cycle. However,
studies in drug-treated tumors and renal tubular necrosis have
demonstrated that the accumulation of malate is due to cel-
lular necrosis.82 In viable cells the transport rate of fumarate
into the mitochondria is too slow to enable the observation of
labeled malate within the lifetime of the polarization. However,
if this permeability barrier is removed, as it is in necrotic cells,
then fumarate conversion to malate can be observed. There-
fore fumarate could be a useful agent for detecting treatment
response and processes such as acute tubular necrosis before
the onset of clinical and histological changes.83

[1-13C]Lactate

[1-13C]Lactate has been HP and investigated as an in vivo
metabolic imaging agent.84 Following intravenous injection in
the TRAMP model, only low levels of HP [1-13C]pyruvate were

6  2014 John Wiley & Sons, Ltd. Volume 3, 2014
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Figure 2. In vivo porcine cardiac MRS data after injection of hyperpolarized [1,2-13C2] pyruvate. (a) The 13C spectrum from one of the dynamic time
points; (b, c) the time courses of the substrate and its metabolites are plotted. The 13CO2 signal amplitudes (corrected for flip angle and echo time) and the
time courses from the two interleaved (40◦ selective and 10◦ non-selective pulses) were observed to have good agreement (c). (Adapted with permission
from Ref. 78.  John Wiley & Sons, Ltd, 2012)

detected and this presumably reflects exchange of label into
a relatively small pool of tissue pyruvate. The HP 13C label
was also diluted by flux into other metabolites, including [1-
13C]alanine and H13CO3

−. An important advantage of using
lactate to introduce the HP 13C label is that the concentration
of HP lactate in the blood after injection is similar to that seen
in an exercising animal; this differentiates it from HP pyruvate
which is injected at a concentration which is much higher than
is found endogenously. [1-13C]Lactate could be a particularly
interesting probe for studying cardiac metabolism as it is an
important cardiac energy source and the LDH enzyme isoform
found in the heart preferentially converts lactate to pyruvate,
resulting in more HP [1-13C]pyruvate than would be observed
in a tumor. It has been shown to mimic the changes observed
with pyruvate and hence has been proposed as a safer and more
suitable probe for cardiac metabolic studies.85 Since recent past,
lactate has been successfully employed to study carbohydrate

metabolism in skeletal muscle.86 The altered PDH flux between
fed and fasted animals was clearly measured as an alteration in
the levels of HP alanine and bicarbonate.

[5-13C]Glutamine

Glutamine is important for tumor growth; in many cell lines
its utilization is positively correlated with cellular proliferation
and its depletion results in cell death. Several cancers increase
glutamine consumption through induction of glutamine
transporters, as well as an enhanced expression of enzymes that
metabolize glutamine, namely glutaminases and glutamate
OAA transaminases. Enhanced glutamine metabolism is
believed to be a compensatory mechanism related to the
flow of citrate out of the TCA cycle, needed to provide
acetyl-CoA for fatty acid biosynthesis in proliferating cells.
Glutamine, converted to a-ketoglutarate, provides an essential

Volume 3, 2014  2014 John Wiley & Sons, Ltd. 7



eMagRes emrstm1253.tex V1 - 10/16/2014 5:18 P.M. Page 8

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

R Sriram, J Kurhanewicz & DB Vigneron

carbon source for the TCA cycle in the tumor metabolic
phenotype. This altered metabolism may be driven by c-MYC,
a transcription factor whose deregulation is common in
cancer. MYC has been shown to induce both the expression
of glutamine transporters and upregulation of glutaminases.87

Imaging glutamine metabolism could, therefore, be a marker
of tumor growth and division, and glutamine is already
safely administered to humans in the clinic. The conversion
of HP [5-13C]glutamine to [5-13C]glutamate, catalyzed by
intramitochondrial glutaminase, has been demonstrated in
cells in vitro.88–90 The label in the C-5 position shows
a larger chemical shift following conversion to glutamate
compared to the C-1 position, which aids in the detection
of the metabolite although the T1 is slightly shorter (25 s
versus 16 s at 9.4 T). Owing to the relatively low polarization
and slow cellular uptake of [5-13C]glutamine there has been
only one successful study demonstrating in vivo conversion
to glutamate.90 However, with improved polarization and
detection techniques it may be possible to use this substrate to
assess the effects of tumor treatment with cytostatic drugs.

[1-13C]Acetate

Acetate is a precursor to acetyl-CoA (acetyl coenzyme A) a
central metabolite in fatty acid metabolism as well as the TCA
cycle. Acetate, which is readily taken up by skeletal muscle,
heart, and liver is converted to acetyl-CoA via acetyl-CoA
synthetase (ACS) and further metabolized by carnitine acetyl-
transferase (CAT) to acetylcarnitine. Following injection of
HP [1-13C]acetate into mice, both [1-13C]acetyl CoA and
[1-13C]acetyl carnitine were observed in liver and heart,
although the acetyl carnitine signal from the heart was higher
than in liver, indicating an organ-variation in the distribu-
tion of acetate metabolism.81 Ischemia in skeletal muscle was
shown to result in a reduction in acetylcarnitine formation.
[1-13C]Acetate has been shown to provide an assessment of
ACS activity.60 Carnitine can also modulate fatty acid and car-
bohydrate metabolism by modifying the intramitochondrial
acetyl-CoA/CoA ratio.

[2-13C]-Fructose

As previously discussed, a majority of HP probes involve
13C labeling of carbonyl carbons due to their lack of directly
attached protons and longer T1 relaxation rates. However,
the use of HP probes such as pyruvate cannot investigate
upstream glycolytic processes, which are abnormal both in
cancer metabolism and other metabolic abnormalities, such
as fatty liver disease and diabetes. The carbons of glucose
have very short T1s (<2 s) due to spin–spin coupling to both
directly attached protons as well as with protons on adjacent
carbons. The pentose analog of glucose and fructose enters gly-
colysis through its phosphorylation by hexokinase and yields
complementary information to glucose. The C-2 of fructose
is a hemiketal that has a relatively longer relaxation time
(∼16 s at 37 ◦C) and high solution-state polarization (∼12%).91

Injection of HP [2-13C]-fructose into the TRAMP model
demonstrated increased uptake and metabolism in regions
of prostate cancer relative to surrounding benign abdominal
tissues.91

[U-13C6,
2H7]Glucose

Deuteration of glucose overcomes the handicap of short T1s
of glucose carbons, extending the T1s from <2 s to as long as
15 s, which makes feasible the use of glucose as a substrate
for HP DNP. Initial publications by Allouche-Arnon et al.92

showed that in vivo imaging of HP [U-13C6, 2H7]glucose
was feasible, but they did not observe any metabolism.
More recently, Rodrigues et al.93 were able to observe the
formation of HP [2-13C]dihydroxyacetone phosphate and
[1-13C]6-phosphogluconate along with [1-13C]lactate and
[13C]bicarbonate in untreated lymphoma tumors in a murine
model after the injection of [U-13C6, 2H7]glucose.

[1-13C]Succinate

Succinic acid has been HP using para-hydrogen induced polar-
ization (PHIP).94 However, to date, no real-time metabolism of
the molecule has been demonstrated in vivo due to extremely
slow transport into the cell. Furthermore, succinate can induce
hypertension in animals when administered intravenously95; it
is unclear whether this effect occurs in humans and if it does,
it may limit clinical applications. However, diethyl succinate is
capable of crossing the cell membrane and can also be polar-
ized using the PHIP method. Zacharias et al.96 showed up to
three enzymatic conversions of [1-13C, 2,3-2H]diethyl succi-
nate, namely to succinate, fumarate, and malate in addition to
aspartate occurred in vivo. Diethyl succinate is converted to
succinate via endogenous esterases before being converted to
fumarate (via succinate dehydrogenase) and further into malate
(by fumarase). Very recently, [1,4-13C]-diethylsuccinate97 was
successfully polarized using dissolution DNP, but in contradic-
tion to the findings of Zacharias et al., no TCA cycle metabolites
were observed. This work brought to light the various hurdles
of using dialkyl ester analogs as precursors for HP imaging.

[1-13C]-α-Ketoisocaproate

[1-13C]-α-ketoisocaproate (KIC) is metabolized to [1-
13C]leucine by the enzyme branched chain amino acid
transferase (BCAT), which is found to be upregulated in some
tumors. BCAT is a putative marker for metastasis and a target
for the proto-oncogene c-myc. Injection of HP [1-13C]KIC
into animal models (rodent mammary adenocarcinoma and
murine lymphoma xenografts) has shown ample conversion
to leucine.98 In this preclinical study, SNR and contrast were
compared between HP [1-13C]pyruvate and [1-13C]-KIC.
[1-13C]KIC showed a 2.5 times lower SNR compared to
[1-13C]pyruvate, whereas the contrast (between tumor
and normal tissue) was 20% higher. Very different fluxes
through the BCAT catalyzed reaction can be detected in
murine lymphoma (EL4) and rat mammary adenocarcinoma
(R3230AC) tumors in vivo.98 KIC is suitable for profiling
tumors at the single gene level and as a novel imaging modality
for tumors with high BCAT activity. It has also been shown that
the biodistribution of KIC metabolism in the brain, especially
in the hippocampus and the cortex, can be measured reliably.
This work suggests that KIC could be a promising substrate
to evaluate BCAT activity in neurodegenerative diseases as it

8  2014 John Wiley & Sons, Ltd. Volume 3, 2014
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is tightly coupled to the glutamate–glutamine shuttle between
neurons and astrocytes.99

[1-13C]Dehydroascorbic acid (DHA)

Dehydroascorbic acid (DHA) is the reduced form of vitamin C
(ascorbic acid, AA) (Figure 3b) and is rapidly transported into
cells by the glucose transporter (Glut1). Inside the cells, DHA is
converted to AA directly by glutathione (GSH) or glutathione
disulfide (GSSH)/NADPH-mediated enzymes100 (Figure 3a).
GSH is responsible for the maintenance and regulation of the
redox status of the cell and is implicated in a plethora of
diseases including cancer, inflammation, neurodegeneration,
aging, and so on.101 A combination of characteristics of HP
[1-13C]DHA makes it a particularly viable probe for in vivo
studies. These features include its rapid uptake, the relatively
large pool size of vitamin C in most cells, the relatively large
chemical shift difference between the oxidized and reduced
forms (4 ppm), and its relatively long T1 (≈57 s at 3 T). This
probe has been successfully applied to image the redox capacity
of both normal organs and tumors in murine models.102,103

Keshari et al.103 showed, consistent with prior publications,
that the redox capacity as measured by the AA/DHA ratio
was highest in the normal brain followed by the liver and
then the kidney. Moreover, they showed that there was a
significant reduction of [1-13C]DHA to [1-13C]vitamin C in
vivo in TRAMP tumors compared to normal mouse prostates,
indicating a higher reducing capacity in tumors. Intracellular
redox status is often characterized by the ratio of reduced-to-
oxidized GSH/GSSG, and it has been shown that the vitamin
C/DHA ratio correlated with the GSH/GSSG ratio in prostate
cancer.103 Figure 3(c) shows the HP AA image overlaid on a T2-
weighted image of a mouse brain, demonstrating the ability of

DHA to cross the BBB and the very large vitamin C pool size in
the normal brain. Two hurdles that must be overcome for this
probe to be clinically translatable are (i) potential physiological
complications and (ii) inhibition of cellular uptake due to
competitive glucose transport.

13C-Choline and 15N-Choline

Malignant transformation of cells is characterized by increased
phosphocholine concentrations, and both 1H- and 31P-MRS
studies have demonstrated elevated levels of this metabolite in
many different forms of tumor compared to normal tissue.104

13C-labeled choline can be polarized but the 13C T1’s are
relatively short (4–5 s for the C-2 and C-3) because of dipo-
lar interactions with directly bonded hydrogen atoms. Partial
deuteration of the directly attached protons yields a seven- to
eightfold increase in T1 (∼33 s).105 15N-labeled choline can
be HP, and because it has a long T1 (∼4 min) it could make
an excellent HP imaging probe.106 However, the small chem-
ical shift difference between the 15N resonances of choline
and phosphocholine (∼0.2 ppm) makes it difficult to dif-
ferentiate in vivo at clinical magnetic field strengths. This
problem has been addressed by transferring polarization to
spin-coupled protons.107 However there is no evidence that
the choline kinase-catalyzed phosphorylation of choline is suf-
ficiently rapid, either in cells in vitro or tumors in vivo, to
produce detectable levels of labeled phosphocholine within the
lifetime of the polarization.

Perfusion Measurements Using Hyperpolarized Agents

Mansson et al.21 have reviewed the perfusion and catheter
tracking applications of HP 13C agents, mainly using the PHIP
technique. The main advantage of using HP 13C substrates
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for perfusion imaging over dynamic susceptibility-based MRI
contrast methods is the direct relationship between the sig-
nals observed and the agent used. A major hurdle to using
HP DNP agents for vascular imaging has been the relatively
low spatial resolution of the images relative to other angio-
graphic techniques. Secondarily, most of the HP agents did
not penetrate the BBB and hence were considered inade-
quate for measuring cerebral perfusion. However using HP
bis-1,1-(hydroxymethyl)-1-13C-cyclopropane-D8, also known
as HP001 (T1 = 38 s in vivo at 2.4 T), a rat angiogram108 and
cerebral perfusion measurements were made109 using a true fast
imaging and steady-state precession (trueFISP) pulse sequence
that exploits the long T2 (18 s) of HP001. Nevertheless, HP001
is not an endogenous substance and its safety profile is not
completely known.

On the other hand, [13C]urea is an endogenous metabolite
and a promising perfusion agent owing to its high achievable
polarization, relatively long T1 (47 s at 3 T), lack of metabolism
in most tissues, and excellent safety profile. High-temporal
and spatial resolution imaging of HP [13C]urea has been
demonstrated using a balanced steady-state free precession
(bSSFP) sequence. This approach was used to demonstrate
differential perfusion of solid liver tumors (19% reduced core
versus 26% increased peripheral tumor perfusion) in a murine
model.73 More recently, von Morze et al.6 used a similar bSSFP
approach with a spectral-spacial selective readout to simul-
taneously image multiple HP perfusion agents with varying
structures, permeability, and transport, namely [13C]t-butanol,
HP001, and [13C]urea. The goal of that study was to estimate
differences in perfusion and permeability in both cancer and
normal tissues. They demonstrated that prostate cancer was
more permeable to [13C]urea and HP001 than the normal
brain or liver, while only [13C]t-butanol rapidly crossed the
BBB. Reed et al.110 demonstrated that by replacing the 14N with
15N the T2 of the 13C labeled carbon of urea could be extended
from approximately 0.25 to 11 s.110 The longer T2 of [13C,
15N ]urea was exploited using a bSSFP sequence to acquire
high-spatial resolution perfusion images (1 mm in plane) and
T2 maps of the rat kidney. Figure 4 shows the well-resolved
renal morphology obtainable using [13C,15N2]urea and bSSFP
fast imaging technique in a rat kidney during diuresis.

Translation to the Clinic
A decade after the first demonstration of dissolution-DNP
by Ardenkjaer-Larsen et al.,26 metabolic imaging using HP
[1-13C]pyruvate was accomplished in prostate cancer patients.
Translation of this technology into humans required the
development and optimization of the proof-of-concept clinical
DNP polarizer in a clean room adjacent to the MR scanner,
the implementation of multinuclear MR capabilities on the
scanner, the construction of specialized RF coils to detect
13C nuclei, and developing new MR pulse sequences to
efficiently capture the signal. In addition, studies involving
preclinical prostate cancer models played an important role in
establishing the potential clinical value of HP [1-13C]pyruvate
in prostate cancer. This was critical to obtaining the US Food

TE = 0.5 s

(a) (b) (c)

TE = 6 s T2

0

2

4

6

8

10

Figure 4. Early (a) and late (b) echo coronal projection 13C images of
[13C,15N2]urea in rats with induced antidiuresis. T2 map (c). The effects
of antidiuresis on the urea image are most evident at the later echo time
(TR = 6 s, red arrow), after the short T2 vascular signal has died away. T2
mapping provided a quantification of this effect, and clearly resolved the
cortical, medullary, and pelvic regions of the kidney

and Drug Administration (FDA) Investigational New Drug
(IND) approval for the first human trial.

On the basis of the findings from preclinical studies and
pyruvate dose escalation studies in healthy volunteers, an FDA
dose escalation phase 1/2a safety and imaging feasibility study
was designed. In this trial, a total of 31 patients received an
injection of 250 mM HP [1-13C]pyruvate, followed by 13C
dynamic and fast 13C MRSI at 3 T. Spatially localized dynamic
13C spectroscopic imaging monitored delivery, transport, and
metabolism of HP [1-13C]pyruvate. Single time-point 2-D or
3-D acquisitions were used to obtain arrays of 13C spectra
from the prostate and surrounding tissues in 8–12 s. The initial
sequence parameters were chosen on the basis of results from
preclinical studies in murine and canine models,26 but were
further refined as the study progressed in terms of the start
times for acquiring MR data and the flip angle schemes used.

Most important, this first-in-human study showed that
injection of HP [1-13C]pyruvate was safe. This was critical espe-
cially given the difference in pharmacologic dose between 13C
HP MR and other metabolic imaging technologies such as PET
(the difference between HP [1-13C]pyruvate and FDG doses is
on the order of 107). Specifically, no dose limiting toxicities
were observed for the range of doses tested (0.14–0.43 ml/kg).
The highest dose of HP pyruvate yielded the best pyruvate and
lactate SNR in regions of cancer (mean, range 116, 42–290,
and 20.4, 11–46, respectively) and the best contrast for tumor
relative to normal prostate (Figure 5).

One- and two-dimensionally localized dynamic HP data
showed uptake of HP pyruvate approximately 20 s after injec-
tion, with a maximum pyruvate signal at 27 s and a maximum
production of lactate at 45 s in cancer, continuing for more
than 100 s. This data clearly demonstrated that the T1 of HP
[1-13C]pyruvate was more than adequate to image uptake
and metabolism in the prostate of patients. In addition, the
time course of uptake and metabolism corresponded well with
prior data from TRAMP41 and human prostate tissue slice
culture studies.111 Fast 2-D and 3-D based 13C MRSI data
also demonstrated the ability to map the presence and spa-
tial extent of prostate cancer based on elevated HP lactate

10  2014 John Wiley & Sons, Ltd. Volume 3, 2014
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Figure 5. Phase 1 clinical trial of hyperpolarized [1-13C]pyruvate in patients with prostate cancer. (a) Prepolarization of [1-13C]pyruvate using the
Spinlab polarizer (GE Healthcare); (b) An i.v. injection of the hyperpolarized [1-13C]pyruvate; (c) MR hardware – clinical 3 T scanner and 13C-enabled
clam shell coil; (d) Hyperpolarized lactate images overlaid on T2 weighted anatomical images, clearly depicting the tumor voxels

(Figure 5). As shown in Figure 5, the first step involved the ster-
ile polarization of HP [1-13C]pyruvate and making sure that
the [1-13C]pyruvate was sufficiently polarized, at physiologic
temperature and pH, and that all of the radical was removed
prior to i.v. injection administered into a patient (Figure 5b).
In the phase 1 trial, this was accomplished with a polarizer
in a clean room adjacent to the 3 T MRI scanner used for
imaging.

Illustrated in Figure 5(a) is the next generation clinical
polarizer that does not require a clean room and therefore
greatly reduces the cost of HP 13C MRI patient studies. As
mentioned earlier, the phase 1 trial was critically dependent
on having a multinuclear-capable MRI scanner and appropri-
ate 13C RF coils (Figure 1c). Figure 5(c) shows a 13C MRSI
study performed using the highest [1-13C]pyruvate dose from
a patient with bilateral biopsy proven prostate cancer. In the
phase 1 trial, all patients receiving HP 13C MRS also received a
state-of-the-art multiparametric 1H MRI examination for com-
parison. This included anatomic imaging, diffusion weighted
imaging, dynamic contrast-enhanced imaging, and 3-D 1H
MRSI metabolic imaging. In the case shown in Figure 1(d),
the 1H multiparametric examination had accurately identified
the prostate cancer on the left side of the prostate but missed
the cancer on the right side, which was identified by HP 13C
MRI based on elevated HP lactate/pyruvate ratios. Clearly more
patient studies will need to be performed with direct patho-
logic correlation in order to prove the clinical value of HP
[1-13C]pyruvate imaging in prostate cancer patients; however,
the studies in the phase 1 trial remain very encouraging.

When combined with findings from preclinical studies,
the results of this first-in-man study suggest that HP 13C
metabolic imaging may be valuable for initial diagnosis and
for monitoring therapy. In addition to improved technology
for generating and delivering HP agents becoming available,
designing new MR data acquisition sequences that use com-
pressed sensing, parallel imaging strategies, and multichannel
13C RF coils should help advance the translation of these

methods into the clinic. These developments will allow sim-
ilar methods to be applied to more diverse populations of
cancer patients who are undergoing surgical resection or image-
directed biopsy.

Summary
HP 13C MR has been shown in over 350 published preclin-
ical cell and animal studies and one phase 1 clinical trial, to
provide unprecedented information on previously inaccessible
aspects of biological processes by detecting nonradioactive,
nontoxic 13C-labeled probes that can monitor enzymatic con-
versions through key biochemical pathways.4,7–24 As HP 13C
MR encodes chemical as well as spatial information, this new
molecular imaging technique allows the simultaneous detec-
tion of multiple biologic compounds and metabolic products
with sensitivity enhancements of >10 000-fold.30 This extraor-
dinary new technique, therefore presents the fields of oncology
and medical imaging with an opportunity to dramatically
improve our ability to investigate human disease and to ulti-
mately translate these techniques into the clinic for more
individualized patient care.

HP-DNP technology is becoming increasingly widespread
for scientific investigations with over 50 polarizers worldwide
including a few custom-built DNP polarizers being used in
university-based preclinical research and commercial polarizers
available from Oxford Instruments since 2006 for in vitro and
animal studies. Also, the recently completed human phase 1
FDA clinical trial has demonstrated the safety and feasibility of
HP 13C-pyruvate MRI in prostate cancer patients.26 Initial cost
estimates are equal to or less than current nuclear medicine
imaging methods such as PET, a method that is used clinically
for other cancers, but has shown limited utility in detecting
changes in glucose uptake and phosphorylation in prostate
cancer. HP 13C-pyruvate MRI can detect dramatically altered
conversion to lactate owing to genetic mutations in cancer that
result in greatly increased LDH enzymatic activity (Figure 1),
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an effect that correlates with cancer grade in an animal model.55

This molecular imaging technology demonstrated safety and
feasibility in a phase 1 clinical trial of prostate cancer, and given
its relatively low cost and easily sited hardware, the approach
could become a widespread, cost-effective method for assessing
cancer aggressiveness and response to therapy.

Future efforts in humans will be driven by new HP probes,
improved methods for polarization and delivery of 13C sub-
strates, MR pulse sequences using sparse sampling techniques,
parallel imaging methodologies, and improved coil design.
Most important, continued attention to biochemical detail will
be needed to establish the clinical value of HP 13C MRS along-
side existing 1H methods in the multiparametric prostate MR
examination, and in comparison to PET.
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108. J. Svensson, S. Månsson, E. Johansson, J. S. Petersson, and L. E. Olsson,
Magn. Reson. Med., 2003, 50, 256.
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In this work, we present a new ultrafast method for acquiring dynamic 2D EXchange SpectroscopY (EXSY)
within a single acquisition. This technique reconstructs two-dimensional EXSY spectra from
one-dimensional spectra based on the phase accrual during echo times. The Ultrafast-EXSY acquisition
overcomes long acquisition times typically needed to acquire 2D NMR data by utilizing sparsity and
phase dependence to dramatically undersample in the indirect time dimension. This allows for the acqui-
sition of the 2D spectrum within a single shot. We have validated this method in simulations and hyper-
polarized enzyme assay experiments separating the dehydration of pyruvate and lactate-to-pyruvate
conversion. In a renal cell carcinoma cell (RCC) line, bidirectional exchange was observed. This new tech-
nique revealed decreased conversion of lactate-to-pyruvate with high expression of monocarboxylate
transporter 4 (MCT4), known to correlate with aggressive cancer phenotypes. We also showed feasibility
of this technique in vivo in a RCC model where bidirectional exchange was observed for pyruvate–lactate,
pyruvate–alanine, and pyruvate–hydrate and were resolved in time. Broadly, the technique is well suited
to investigate the dynamics of multiple exchange pathways and applicable to hyperpolarized substrates
where chemical exchange has shown great promise across a range of disciplines.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

In the fields of chemistry and biology, multidimensional
Nuclear Magnetic Resonance (NMR) acquisitions, which differenti-
ate and correlate the resonances arising from individual sites onto
multiple frequency axes, are commonly used to study structure,
dynamics, reaction states, proteins, the chemical environment of
molecules, or any other sample that contains nuclei possessing
spin [1–3]. These experiments are intrinsically longer than their
conventional one-dimensional (1D) counterparts. In general, 2D
NMR techniques are limited by the inherent low sensitivity, result-
ing in acquisition times on the order of minutes to hours [1]. In
carbon-13 NMR, this is particularly pronounced where less than
1% of carbon atoms possess the NMR detectable 13C isotope.
Moreover, SNR suffers from an intrinsically lower gyromagnetic
ratio of the 13C isotope.
Not surprisingly, there has been an increased interest in using
nuclei in the ‘hyperpolarized’ state, whose spin population differ-
ences depart significantly from the �10�5 Boltzmann distribution.
Dynamic Nuclear Polarization (DNP) yields over a 10,000-fold
increase in SNR [2], which is far greater than what can be achieved
by multiscan signal averaging. Hyperpolarization with its dramatic
increase in sensitivity provides a unique opportunity to probe pre-
viously undetectable phenomena via NMR.

Signal detection of hyperpolarized substrates, however, is chal-
lenging due to nonrenewable longitudinal magnetization and
short-lived signals. These challenges make conventional 2D NMR
acquisition strategies incompatible with hyperpolarized sub-
strates. Specifically, conventional acquisitions schemes for multidi-
mensional NMR require an array of scans that are identical to one
another aside from the serial incrementing of evolution delays.
Given the non-renewable polarization and the shortened acquisi-
tion times due to signal decay by T1, 2D NMR acquisitions with
hyperpolarized substrates requires sequence modifications.

Shapiro and Frydman proposed a method for thermally polar-
ized samples, where the serial indirect domain t1 encoding of 2D
NMR is replaced by a parallelized procedure allowing for different

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2015.05.011&domain=pdf
http://dx.doi.org/10.1016/j.jmr.2015.05.011
mailto:Dan.Vigneron@ucsf.edu
mailto:Peder.Larson@ucsf.edu
http://dx.doi.org/10.1016/j.jmr.2015.05.011
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr
rsriram
Typewritten Text

rsriram
Typewritten Text
Appendix III

rsriram
Typewritten Text



C. Leon Swisher et al. / Journal of Magnetic Resonance 257 (2015) 102–109 103
positions within a sample for inequivalent evolution times [4].
Then Frydman and Blazina extended this method to hyperpolar-
ized substrates [1]. We propose a similar method utilizing their
parallelized approach as the foundation for this work. The method
presented here differs in several aspects: (1) it uses a symmetric
slice selective excitation rather than a gradient acting in combina-
tion with a frequency-swept excitation for preparation and (2) it
uses dephasing and rephasing gradients rather than an oscillating
field gradient. The acquisition and reconstruction presented here
relies on principles of phase accrual, which expands on our
recently described 1D method Metabolic Activity Decomposition
with Simulated Echo Acquisition Mode (MAD-STEAM) [5].

The key advancement presented in this work is its application
to dynamic 2D EXchange SpectroscopY (EXSY) of hyperpolarized
carbon-13 substrates, which we show can be used to detect bidi-
rectional exchange. Exchange is particularly important, where both
preclinical cell and animal studies of hyperpolarized substrates
[6,9], as well as the first-in-man clinical trial [10], have focused
heavily on the exchange of hyperpolarized metabolites as markers
of disease.

Magnetic Resonance Spectroscopy of hyperpolarized substrates
provides a new tool for investigating tissue metabolism and kinet-
ics in vivo [11,12]. Previously experiments using MAD-STEAM
showed that in addition to increased conversion of
pyruvate-to-lactate in tumors, the less studied conversion of
lactate-to-pyruvate was significantly smaller in tumors compared
to normal tissue with a transgenic model of prostate cancer [13],
consistent with a decreased LDH-B expression and increased mono-
carboxylate transporter 4 (MCT4) and LDH-A expression. However,
the rate as measured can be corrupted by alanine-to-pyruvate and
hydrate-to-pyruvate conversion, warranting a method to separate
these signals to reveal the origin of this change.

Investigation of bidirectional flux and exchange has a number of
applications to the metabolism field such as reductive carboxyla-
tion [14,15], lipogenesis and its regulation of citrate and
a-ketoglutarate [16], glutamine addiction [17–20], gluconeogene-
sis, and the isoenzyme composition of LDH. Detection of these
pathways has diagnostic and biomedical research potential. For
instance, the directionality of reactions within the citric acid cycle
has become an area of increased interest as reductive carboxyla-
tion has been shown to support tumor growth [14]. However, the
signal from hyperpolarized experiments reports only on the bulk
spin-exchange and cannot differentiate concomitant
spin-exchange. 2D NMR techniques for hyperpolarized substrates
could be further used to probe directionality of metabolic path-
ways. Moreover, 2D NMR could provide improved specificity to
cancer metabolism and shed light on exchange and flux of hyper-
polarized substrates.
2. Theory

2.1. Acquisition

Conventional dynamic EXSY acquisition schemes necessitate
renewable longitudinal magnetization not available in hyperpolar-
ized substrates. Additionally, conventional EXSY acquisition
schemes require many repetitions to obtain the entire indirect
spectral dimension (Fig. 1a). The dynamic UF (ultra fast)-EXSY
pulse sequence is rapid and does not require renewable longitudi-
nal magnetization making it ideal for hyperpolarized substrates
(Fig. 1b). Key features include the symmetric slice selection gradi-
ent played with the first 90� RF pulse, gradients blips, which
rephase echoes sequentially, and a small flip angle for the final
RF pulse, which allows for dynamic acquisition of 2D EXSY spectra.
The data can be used to measure build up curves for multiple
species that can be fit to an exchange model for extraction of
kinetic rates of interconversion (Fig. 1c and d).

Since the method relies on stimulated echoes with gradient
encoding, it is sensitive to motion and diffusion. For diffusion, high
b-values can accelerate signal decay between TMs, shortening the
measured T1 relaxation times (‘‘effective T1’’ times13). In this work,
we minimized the effect of diffusion by using short, low amplitude
gradients, resulting in b-values <10 s/mm2. Bulk motion would
result in overall phase shift, however, a 13C-Urea reference signal
can be used to correct for the phase shift (Supplemental Fig. 1).
Incoherent motion (e.g. turbulent flow) or non-rigid motion will
result in additional unrecoverable signal losses. To prevent these
losses in cell experiments, flow through the bioreactor was dis-
abled during the signal acquisition.

This method also assumes spatial homogeneity within the
voxel. To limit the effects of this assumption, we limited the num-
ber of echoes to the minimum requirement such that the inverse
problem is not ill-posed. In the case of HP 13C1 pyruvate only 2–3
echoes are required to resolve concomitant exchanging spins.
This limits the size of the assumed homogenous region.

2.2. Reconstruction

Conventional EXSY reconstruction methods require many s rep-
etitions to reconstruct the 2D spectra. However, by choosing the s
repetitions wisely, only a few repetitions can be used to acquire an
entire 2D sparse spectra. The UF-EXSY reconstruction, shown in
Fig. 2, reconstructs the entire 2D spectra from only a few echoes
(Fig. 2) with high spectral resolution in the indirect frequency
dimension.

The reconstruction relies on the phase accrual, Du, of exchang-
ing spins with a resonance frequency difference, Df, at each echo
time, s, which has been used to directly observe flux and exchange
of a single reaction in real-time [5]. For each frequency, fi, with a
signal greater than the noise threshold in the direct frequency
direction the cross peaks are calculated using the following
equation:

Sðf 1; f 2Þ ¼
Imag Sðf 1 ;f 2Þf g

sinð2pðf 1�f 2ÞsÞ0 ; f 1–f 2

RefSðf 1; f 2Þg �
X

i

ImagfSðf 1 ;f 2Þg
tanð2pðf 1�f 2ÞsÞ ; f 1 ¼ f 2

8><
>: ð1Þ

By using the real and imaginary spectra, the 2D spectra can be
reconstructed from a single echo utilizing the phase accrual, Du,
between all other frequencies with a signal greater than the noise
threshold. However, multiple echo times need to be used to correct
for concomitant exchange pathways at a single resonance such
that Du varies between the exchange pathways. Additionally it
is required that for at least one echo the phase accrual does not
equal zero (Du – 0). With these criteria fulfilled, the problem is
no longer an ill-posed inverse problem. As the number of echoes
increases, the accuracy will increase. To ensure accuracy at least
one unique echo is required for each concomitant spin exchange.
For instance in the renal cell carcinoma model, UOK262, there
are three possible concomitant spin exchanges at pyruvate’s reso-
nance, namely lactate-to-pyruvate, hydrate-to-pyruvate, and
alanine-to-pyruvate. Because alanine SNR is below the noise
threshold, we only need two echoes to accurately reconstruct the
data (Fig. 2).

There will be a small loss in SNR at each repetition due to pars-
ing of the signal. Fortunately, much of the original SNR can be
recovered. Where the SNR of a cross peak is a function of si and
is defined by

SNRðDf Þ ¼ S
nr

1
sinðDuðs1ÞÞ þ

1
sinðDuðs2ÞÞ þ . . .

1
sinðDuðsnÞÞ

� �
ð2Þ



Fig. 1. (A) Conventional Dynamic EXchange SpectroscopY (EXSY) requiring renewable longitudinal magnetization not available in hyperpolarized substrates and many
repetitions to obtain the entire indirect spectral direction. (B) Dynamic UltraFast EXSY (UF-EXSY) pulse sequence is rapid and does not require renewable longitudinal
magnetization making it ideal for hyperpolarized substrates. (C) Schematic of dynamic 2D exchange spectra and (D) simulated build up curves from four measured signal
intensities in (c) which can be fit to an exchange model to extract kinetic rates of interconversion. Arrows denote time points shown in 2D spectra (c).
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where n is the number of echoes. As stated previously, to detect a
cross peak it is necessary that for at least one echo the phase must
be not be equal to 0 and p (±k rotations) with sufficient SNR.

More generally, the entire spectra can be described by the fol-
lowing equations:

cross peaks : X ¼ Að�1Þa ð3Þ

diagonal : Y ¼ b�
X

f

XB ð4Þ

where

A ¼

sinðu1;s1Þ sinðu1;s2Þ � � �
sinðu2;s1Þ sinðu2;s2Þ � � �
..
. ..

. . .
.

2
6666666

3
7777777

a ¼

ImfSðs1Þg
ImfSðs2Þg
..
.

2
6666666

3
7777777

B¼

cosðu1;s1Þ cosðu1;s2Þ � � �
cosðu2;s1Þ cosðu2;s2Þ � � �
..
. ..

. . .
.

2
6666666

3
7777777

b¼ RefSðs1ÞgþRefSðs1Þgþ � � �

ð5Þ
Such that the 2D reconstructed spectra can be described by the

following equation:

2D Spectra ¼ Xþ diagðYÞ ð6Þ
where

Xðf iÞ ¼
NewfSðf i ! f 0Þg
NewfSðf i ! f 1Þg

..

.

2
66666

3
77777

ð7Þ

and

Yðf iÞ ¼ OrigfSðf iÞg ð8Þ
The reconstruction is summarized in Fig. 2, where selectively

sampled FIDs are first reconstructed with 1D Fourier transforms.
All frequency locations with an SNR less than the noise
(mean + variance) were set below the threshold. The phase accrual
for those frequency locations was automatically determined based
on their frequency shift and the dephasing time. Finally, a least
squares solution was used to obtain the 2D spectra.

In the case of low SNR not observed in this work, noise amplifi-
cation can be reduced by choosing echo times based on a priori
knowledge of cross peak locations. Additionally, noise amplifica-
tion could be reduced with Tikhonov Regularization. The
UF-EXSY reconstruction workflow used in this work is summarized
in Supplemental Fig. 1.

3. Methods

3.1. NMR experiments

These studies were conducted on a 14.1T wide-bore microimag-
ing spectrometer equipped with 100 G/cm gradients and a 10 mm
broadband probe (Agilent Technologies). The sequence shown in
Fig. 1b was acquired with Ds = 8.575 ms, tphase = 52 ls,
Gphase = 5 G/cm, tcrush = 10 ms, Gcrush = 15 G/cm, Necho = 3, TM = 1–
2 s temporal resolution, NTM = 5–20 repetitions, Dz = 3 mm, 20�
flip, 64 spectral points, and 4006 Hz bandwidth. Noise was sub-
tracted to remove cross peak artifacts. T2 signal loss between
echoes was small and considered negligible because of the long
T2s of the hyperpolarized substrates [21]. However, in the case of
short T2s, signal loss between echoes be can corrected in the recon-
struction. The number of echo times acquired was always chosen
to equal to or greater than the maximum number of concomitant
spin exchanges at a single resonance, typically 2–3 for pyruvate.
The NMR signal was pre-processed with a 20 Hz Gaussian spectral
apodization window on the symmetric echo and zero order spec-
tral phase correction using HP 13C Urea as a reference.

3.2. Polarization of [1-13C] pyruvate and 13C-Urea

[1-13C]-Pyruvate mixed with the trityl radical OX063 (Tris[8-c
arboxyl-2,2,6,6tetra[2-(1hydroxyethyl)]-benzo(1,2-d:4,5-d)bi
s(1,3)dithiole-4-yl]methyl sodium salt, Oxford Instruments,
Abingdon UK) was hyperpolarized using conventional DNP meth-
ods and a HyperSense DNP polarizer (Oxford Instruments,
Abingdon, UK) operating at 3.3T and a temperature of 1.3 K. For



Fig. 2. Schematic of Ultra FastEXchange SpectroscopY (UF-EXSY) reconstruction. Using conventional EXSY the 2D spectra can be reconstructed from the magnitude of the 1D
spectrum but requires many s repetitions. Using the UF-EXSY reconstruction the entire 2D spectra can be reconstructed from a few echoes with high spectral resolution in the
indirect frequency direction equal to that of the direct frequency direction. For each frequency, fi, with a signal greater than the noise threshold in the direct frequency
direction the cross peaks are calculated using Eq. (6) or with linear least squares based on the phase accrual and frequency difference between every other frequency with a
signal also greater than the noise threshold. 2D spectra can be reconstructed from a single acquisition as long as he number of echoes is greater than the number of
concomitant exchange pathways at a single resonance.
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validations studies, [1-13C]-Pyruvate was copolarized [22] with
13C-urea mixed with the trityl radical OX063. All samples were dis-
solved to produce solutions with 80 mM pyruvate and 80 mM urea
and a biologically appropriate pH (�7.4) with TRIS/NaOH/EDTA
dissolution media. The microwave power was 20 mW and the fre-
quency was 94.1 GHz.
3.3. Cell studies

The UOK262 cell line was derived from a metastasis of a highly
aggressive hereditary leiomyomatosis RCC (HLRCC) [18]. As
described previously by Keshari et al. [8], cells were grown in
Dulbeco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose
and then passaged serially. At passages 2–10 and at 60–80% conflu-
ency the cells were used for assays and magnetic resonance exper-
iments. This cell lines was chosen because of its high expression of
the monocarboxylate transporter 4 (MCT4), which regulates lac-
tate efflux out of the cell as well as for its high lactate dehydroge-
nase (LDH) activity [8].
3.4. Hyperpolarized 13C magnetic resonance bioreactor experiment

As previously described [7], cells were electrostatically encap-
sulated into 2.5% w/v alginate microspheres. The microspheres
were then loaded into a magnetic resonance–compatible bioreac-
tor and perfused within the bioreactor with DMEM H-21 media
at 37 �C maintained 95% air/5% CO2. Prior to and after spectroscopy
experiments, media was perfused with a flow rate of 0.5 mL/min.
During acquisition, however, the flow was stopped for the duration
of the EXSY acquisition (60 s) to prevent metabolites from
flowing-out of the bioreactor. 5 lL of the HP dissolution product
was injected over 60 s.

3.5. LDH validation experiments

A 4.5 mL buffered solution (pH �7.4) of HP pyruvate and HP
urea (7.5 lL and 15 lL, respectively, of each formulation described
previously [5]) was prepared. 15 mg of NADH and 5 mg of LDH
(isoenzyme III, isolated from bovine heart, 646 units/mg protein)
in 2 mL phosphate buffer solution were added to 2 mL of the HP
dissolution product. The solution was mixed vigorously and the



Fig. 3. (A) Dynamic EXSY spectra of (top) pyruvate hydration co-polarized with 13C-urea, (middle) pyruvate conversion to lactate via LDH enzyme and cofactor NADH with
and (bottom) without saturation pulses on pyruvate. (B) Validation of phase encoding for multiple echoes. Schematic shows phase dependence of the (left) first and (right)
second echo and their corresponding raw dynamic imaginary spectra from UOK262 renal cell carcinoma (RCC) cell-filled alginate microspheres (TR = 1 s) in MR-compatible
bioreactor (C) and the 2D spectra (sum of all time points, TR = 1 s, N = 20) from the RCC cells.
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acquisition was started immediately after. Saturation experiments
used a CHESS saturation scheme [5].
3.6. MCT4 inhibition

The inhibitor 4,4-diisothiocyanatostilbene-2,2-disulfonate
(DIDS) was chosen based on its preference for MCT4 [23].
UF-EXSY experiments with hyperpolarized 13C1-Pyruvate were
acquired before and 40 min after the administration of 1 mM
DIDS in a UOK262 cell line in a bioreactor.
3.7. In Vivo

To show feasibility a UOK262 cell line was implanted in the
renal capsule of Rag2 immunocompromised mouse. 80 mM HP
13C1-Pyruvate and 13C-Urea buffered solution (pH �7.4, 300 lL of
the HP dissolution product) was injected over 15 s. Acquisition
started at 20 s after the start of injection. 8 mm � 8 mm � 8 mm
voxels were acquired in both the normal and abnormal kidney.
The pulse sequence was adapted to be able to select multiple vox-
els with the addition of slice selection gradients played during the
second and third RF pulses (shown in Fig. 5a).
4. Results and discussion

4.1. Validation

The method was validated with a Bloch simulator (SpinBench,
Heartvista, Palo Alto, CA) and with hyperpolarized phantom exper-
iments where the hydration of pyruvate and LDH enzymatic activ-
ity were observed dynamically (Fig. 3a). To further validate the
technique, pyruvate was saturated after allowing hyperpolarized
pyruvate to be converted to hyperpolarized lactate via the LDH
enzyme and cofactor NADH (Fig. 3a). As expected, only the conver-
sion of lactate-to-pyruvate was observed.

In Fig. 3b, we show that the expected phase shift matches our
actual phase shift in a cell study. Here both forward and backward
exchange of pyruvate–lactate and pyruvate–hydrate was resolved
(Fig. 3c) and acquired dynamically (Supplemental Fig. 3).
4.2. Bidirectional exchange

To investigate the sensitivity of the technique to detect bidirec-
tional exchange, the technique was applied to hyperpolarized
pyruvate perfused over renal cell carcinoma (RCC) cell line in a
bioreactor to produce 2D EXSY spectra (Fig. 3c). The metastatic
RCC cell line (UOK262) was used as a model due to its



Fig. 4. (A) Dynamic UltraFast 2D EXchange SpectroscopY (UF-EXSY) reveals high MCT4 in metastatic renal cell carcinomas and revels decreased conversion of lactate back to
pyruvate with the efflux of lactate out of the cell. All values are reported as mean ± SE. ⁄Denotes significant difference (p < 0.05). (B) Schematic of pyruvate and lactate
exchange with high and low MCT4. Pie charts demonstrate the proportion of the label that is generated after encoding with ‘‘New’’ shown in blue and the proportion that
were present during encoding, ‘‘Original’’ shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. In vivo feasibility (A) Multivoxel pulse sequence for in vivo studies. (B) Location of voxels on T2W anatomical image. One voxel was acquired in a UOK262 implanted
tumor and the other was acquired in the contralateral normal kidney. Both voxels were acquired within a single acquisition. (C) Dynamic 2D spectra data and (D) Dynamic
traces with corresponding fitted kinetic parameters show contrast between kidneys.
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characteristic elevated expression of MCT4 (Slca16a3), which is
known to be indicative of aggressive cancer phenotypes [23–25].
The detection of the activity of a membrane transporter such as
MCT4 remains a challenge. We hypothesized that the rate of
lactate-to-pyruvate exchange is altered by MCT4 by changing the
proximity of lactate to the enzyme as well as altering the intracel-
lular pool size.
4.3. Transport modulates flux

To better isolate the effect of MCT4 on bidirectional exchange,
the MCT4 inhibitor, DIDS, was administered in the UOK262 cell
line. There was no statistical difference in the flux of HP
pyruvate-to-lactate before and after the addition of the selective
MCT4 inhibitor (Fig. 4a). However, the inhibitor resulted in a statis-
tically significant increase (95% Confidence Interval, paired stu-
dents t-test) in the conversion of lactate-to-pyruvate conversion
(Fig. 4a). The increased observance of lactate-to-pyruvate flux in
the DIDS treated UOK262 cells compared to untreated cells, sug-
gests that efflux of lactate is the major deterrent to
lactate-to-pyruvate flux in the UOK262 cell line. To explain this
result, we hypothesize that pool-size effects modulate flux
(Fig. 4b). HP lactate is more likely to be extracellular when MCT4
is highly expressed and less likely to interact with intracellular
LDH. However, when MCT4 is reduced, more HP lactate molecules
are near LDH and can be converted to pyruvate. Thus we show that
bidirectional exchange is modulated by MCT4, a transporter often
highly expressed in aggressive cancers [24,25].

Finally, feasibility of the application of the Ultrafast EXSY tech-
nique in vivo was tested in a single experiment comparing a normal
kidney and a kidney in a mouse with implanted UOK262 cell line
under the renal capsule (Fig. 5B). Comparing the RCC tumor model
kidney to the contralateral normal kidney, we observed increased
conversion of HP pyruvate-to-lactate and reduced conversion HP
lactate-to-pyruvate, which based on our cell studies, suggests high
LDH and high MCT4, respectively (Fig. 5D). However, more exper-
iments are needed to prove this hypothesis. More significantly, this
single proof-of-concept study shows that bidirectional exchange
can be observed in vivo for pyruvate–lactate, pyruvate–alanine,
and pyruvate–hydrate and that they can be resolved in time.
5. Conclusions

In this work, we present a new UltraFast method for acquiring
dynamic 2D EXchange SpectroscopY (UF-EXSY) within a single
acquisition using phase accrual. The presented dynamic UF-EXSY
pulse sequence is rapid and does not require renewable longitudi-
nal magnetization making it ideal for hyperpolarized substrates.
This method overcomes the three main challenges associated with
2D NMR of hyperpolarized substrates: (1) 2D NMR experiments are
time intensive, (2) longitudinal magnetization is not renewable,
and (3) the signal decays quickly requiring fast acquisition.

Additionally, we show that 2D NMR of hyperpolarized sub-
strates can provide a new tool to probe the directionality of
exchange and flux of metabolic pathways. The technique provided
insights on the effect of transporters on exchange as well as
showed the potential of using bidirectional exchange as a marker
of transport. Here we show that bidirectional exchange is modu-
lated by MCT4 in metastatic RCC cell line.

Outside of the field of oncology, the potential applications of
this technique are broad including applications such as solvent
hydrogen-exchange, protein interactions, protein folding, and con-
formational changes such as cis-trans isomerizations and domain
movements as wells as to investigate multistep chemical reactions.
More broadly the utilization of phase in 2D NMR acquisitions could
be adapted to quickly acquire sparse 2D spectra for other nuclei
such as 1H, 15N, 31P, and 129Xe.
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Real-time measurement of hyperpolarized
lactate production and efflux as a biomarker of
tumor aggressiveness in an MR compatible 3D
cell culture bioreactor
Renuka Srirama*, Mark Van Criekingea, Ailin Hansenb, Zhen J. Wanga,
Daniel B. Vignerona, David M. Wilsona, Kayvan R. Kesharic and
John Kurhanewicza

We have developed a 3D cell/tissue culture bioreactor compatible with hyperpolarized (HP) 13C MR and interrogated
HP [1-13C]lactate production and efflux in human renal cell carcinoma (RCC) cells. This platform is capable of resolv-
ing intracellular and extracellular HP lactate pools, allowing the kinetic measurement of lactate production and
efflux in the context of cancer aggressiveness and response to therapy. HP 13C MR studies were performed on three
immortalized human renal cell lines: HK2, a normal renal proximal tubule cell line from which a majority of RCCs
arise, UMRC6, a cell line derived from a localized RCC, and UOK262, an aggressive and metastatic RCC. The intra-
(Lacin) and extracellular (Lacex) HP lactate signals were robustly resolved in dynamic 13C spectra of the cell lines
due to a very small but reproducible chemical shift difference (0.031 ± 0.0005 ppm). Following HP [1-13C]pyruvate
delivery, the ratio of HP Lacin/Lacex was significantly lower for UOK262 cells compared with both UMRC6 and HK2
cells due to a significant (p< 0.05) increase in the Lacex pool size. Lacin/Lacex correlated with the MCT4 mRNA expres-
sion of the cell lines, and inhibition of MCT4 transport using DIDS resulted in a significant reduction in the HP Lacex
pool size. The extension of these studies to living patient-derived RCC tissue slices using HP [1,2-13C2]pyruvate
demonstrated a similarly split lactate doublet with a high Lacex pool fraction; in contrast, only a single NMR
resonance is noted for HP [5-13C]glutamate, consistent with intracellular localization. These studies support the
importance of lactate efflux as a biomarker of cancer aggressiveness and metastatic potential, and the utility of
the MR compatible 3D cell/tissue culture bioreactor to study not only cellular metabolism but also transport.
Additionally, this platform offers a sophisticated way to follow therapeutic interventions and screen novel therapies
that target lactate export. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: hyperpolarized 13C magnetic resonance (HP 13C MR); dynamic nuclear polarization (DNP); pyruvate; lactate;
aerobic glycolysis; lactate efflux; renal cell carcinoma (RCC); cancer aggressiveness

INTRODUCTION

There is growing evidence that the upregulation of aerobic
glycolysis and lactate production and efflux is an adaptation of
cancer cells that aids in survival, growth, and metastasis (1,2).
Tumor excretion of lactic acid, combined with poor tumor perfu-
sion, results in an acidic extracellular pH in tumors compared
with normal tissue (3). The resulting acidic environment pro-
motes cancer aggressiveness and metastasis by promoting a
degradation of the extracellular matrix by proteinases (4,5),
increasing angiogenesis through the release of vascular endo-
thelial growth factor (6), and inhibiting the immune response
to tumor antigens (7). Extracellular acidification also may render
tumors chemoresistant (8). Taken together, these observations
suggest that not only increased lactic acid production but also
its efflux are important parameters associated with aggressive
cancer phenotypes (9,10). Moreover, tumor-specific metabolic
shifts, such as increased production and efflux of lactate, can
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potentially be exploited for cancer therapy with minimal impact
on normal tissues (3).

Hyperpolarized (HP) 13C MR is a new molecular imaging
technique that allows rapid and noninvasive monitoring of dy-
namic pathway-specific metabolic and physiologic processes
(11). Fast 13C MR after injection of HP [1-13C]pyruvate has
allowed the measurement of increased HP [1-13C]lactate
production in both pre-clinical models of cancer (12) and
patients with prostate cancer (13). Increased HP [1-13C]pyru-
vate to lactate conversion has been associated with cancer
presence (14) and correlated with increasing cancer
aggressiveness/pathologic grade (15). Furthermore, reduced
HP [1-13C]lactate early after therapy correlated with therapeutic
efficacy (16–19). Current HP 13C MR approaches have not de-
lineated intracellular and extracellular lactate (Lacin and Lacex
respectively) pools, although recent diffusion-weighted HP
13C MR approaches have shown the potential to interrogate
these two compartments (20–22).

An MR compatible 3D cell/tissue culture bioreactor has
been engineered and used to provide a platform to serially
monitor the metabolism of viable human cells (23) and tis-
sues (24) in a very controlled environment and with excellent
spectral resolution. The bioreactor set-up provides a continu-
ous perfusion of nutrients at a well regulated temperature
with adequate oxygen delivery. The use of smaller cell and
tissue sample chamber in a 5 mm diameter susceptibility-
matched bioreactor design has provided a high mass sensi-
tivity (filling factor) with sufficient B0 field homogeneity
under continuous perfusion conditions for the acquisition of
well-resolved serial multinuclear (31P and 13C) NMR spectra
from small numbers of living cells (≈8 million) and tissues
(≈60 mg) (25).

The goal of this study was to determine if the MR compat-
ible 3D culture bioreactor could be used with HP 13C MR to
monitor both the increased cellular production of lactate and
its efflux in renal cell carcinoma (RCC), thereby providing a
means to test the importance of this process in cancer aggres-
siveness, metastasis, and response to therapy. To accomplish
this, HP 13C MR studies were performed on three human renal
cell lines in the MR compatible 3D cell culture bioreactor: the
HK-2 renal proximal tubule cell line (from which most RCCs
arise), UMRC6, derived from a localized RCC, and UOK262,
established from a highly aggressive metastatic RCC. These cell
lines are also known to have differential levels of lactate pro-
duction and efflux (26). The ability of the bioreactor platform
to measure the inhibition of lactic acid efflux using a small
molecule monocarboxylate transporter (MCT) inhibitor, DIDS
(4,4’-diisothiocyanostilbene-2,2’-disulfonic acid), was also inves-
tigated. Lactate is exported out of the cell by the MCTs, pre-
dominantly MCT4 (27). DIDS irreversibly and efficiently binds
to MCT transporters (an order of magnitude higher affinity
for MCT4 than MCT1) and inhibits lactate efflux and to a lesser
degree pyruvate uptake (27,28). The studies described in this
manuscript demonstrate that intra- and extracellular pools of
lactate can be detected and quantified in dynamic (3 s tempo-
ral resolution) 1D 13C MR spectra after injection of HP [1-13C]
pyruvate, and that the HP intracellular/extracellular [1-13C]lac-
tate ratio differentiates between localized and metastatic
human RCC cells. Further, we have shown that the HP Lacin/Lacex
fraction correlates with MCT4 mRNA expression, and the
inhibition of lactate efflux with DIDS results in significantly
decreased Lacex.

MATERIALS AND METHODS

Cell lines

All three cell lines were grown in monolayers in DMEM
(Dulbecco’s modified Eagle’s medium) with 4.5 g/L glucose
media with 10% serum. HK-2 cell line (29) was purchased from
ATCC (Manassas, VA, USA). The other two cell lines, UMRC6, and
UOK262, were a kind gift from Dr Bart Grossman (MD Anderson
Cancer Center, Houston, TX, USA) and Dr W. Marston Linehan
(National Cancer Institute, Bethesda, MD, USA) respectively. The
UMRC6 cells were derived from a localized human clear cell RCC
(30). The UOK262 cells were derived from a metastasis of the highly
aggressive hereditary leiomyomatosis RCC (HLRCC).

MR experiments

As described previously (26), trypsinized cells were prepared for
bioreactor MR experiments by electrostatic encapsulation into al-
ginate microspheres. A homogenous mixture of 200–250 μL of
cell-laden microspheres (Supplementary Fig. S1) was maintained
at physiological conditions by circulating media at 37 °C and
supplying 95% air/5% CO2 via a gas exchanger in the 5 mm
MR compatible bioreactor. A 500 MHz Varian INOVA (Agilent
Technologies, Palo Alto, CA, USA) console equipped with a 5
mm, triple-tuned, direct-detect, broadband probe was used for
the bioreactor studies. A HyperSense polarizer (Oxford Instru-
ments, Oxford, UK) was used to polarize 14.2 M [1-13C]pyruvate
mixed with 15 mM of the trityl radical (GE Health, Menlo Park,
CA, USA) and 2.5 mM gadolinium chelate. 16 μmol HP [1-13C]py-
ruvate was injected into the bioreactor containing the cell-laden
microspheres. A 30° flip angle was used to acquire carbon data
every 3 s for a total of 5 min. Cell viability was assessed by
phosphorus spectra acquired with 2048 averages, repetition
time of 2 s and a 90° pulse. The Electronic REference To access
In vivo Concentrations (ERETIC) signal (31) was adapted for the
phosphorus channel and used to estimate the amount of β-
NTP of cells within the sensitive volume of the RF coil, a more
stringent measure of viable cells. The intracellular inorganic
phosphate (Pi) peak was resolved from the Pi signal arising from
the circulating medium for both the UOK262 and the UMRC6
cells. The intracellular pH values of these cells were calculated
using the chemical shift of the Pi peak, the known pH of the me-
dium (7.67 ± 0.04 at 37 °C), and published methods (32,33). All
bioreactor studies were conducted under the continuous perfu-
sion condition of 0.5 mL/min (n = 6), except for the flow modu-
lation experiments when the pump was stopped 15 s after the
completion of the HP substrate infusion (n = 3). For MCT inhibi-
tion studies (n = 3), DIDS (disodium salt) was purchased from
Molecular Probes (Life Technologies, Foster City, CA, USA) and
dissolved in DMSO (dimethyl sulfoxide) to a concentration of
1 mM. It was added via a filter to the medium used to perfuse
the cells, after baseline phosphorus and carbon measurements
were made.
The rate of lactate accumulation in the media of the UOK262

cells grown in DMEM with 25 mM [3-13C]pyruvate in 2D culture
with and without DIDS inhibition was quantified by 1H MR spec-
troscopy (n = 3 each). The media of the UOK262 cells were sam-
pled serially over 8 h. Fully relaxed 1H NMR spectra were
measured in an 800 MHz Bruker DRX spectrometer (Billerica,
MA, USA) equipped with a cryo-cooled 5 mm triple-axis
heteronuclear probe, and the J-coupled 13C satellite resonance
was quantified using ACD/Labs software as described below.
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qRT-PCR

mRNA qRT-PCR was performed as described previously (26) on
the total RNA extracted from the cells with an RNeasy purifica-
tion kit (Qiagen, Valencia, CA, USA). In brief, reverse transcription
using an iScript cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA, USA) was performed and subsequently the cDNA
generated was utilized for PCR in triplicate with TaqMan chemis-
try on the ABI 7900HT (Applied Biosystems, Foster City, CA, USA).
Assays for MCT4 were procured from Applied Biosystems. The
mRNA expression was calculated relative to the housekeeping
gene β-actin.

Data analysis

The MR data were processed and analyzed using ACD/Labs soft-
ware (Toronto, Ontario, Canada). The β-NTP peak was quantified
in nanomoles from the 31P spectra by normalizing the integrated
peak area against the calibrated ERETIC peak. The 13C data were
processed with (5 Hz) broadening and deconvolved with
Lorentzian peak fitting. The HP lactate data (total area under
the curve over time) were then normalized to nanomoles of β-
NTP, and the pyruvate peak area for comparison across experi-
ments and cell lines. All data are represented as mean ± standard
error. Student’s t-test was used to assess the difference between
groups. Significant (p < 0.05) differences between cell lines are
denoted by an asterisk (*).

Renal tissue slice bioreactor set-up

Renal tumor tissues were obtained from nephrectomy, sliced
into 300 μm thick disks and cultured for 12 h (34). Four slices
were placed in the 5 mm MR compatible bioreactor using a spe-
cialized construct to hold the tissue in place, and were well per-
fused in circulating medium at physiological temperature. NMR

data were acquired on a narrow bore 11.7 T Varian INOVA
equipped with a 5 mm broadband probe. 31P spectra were
obtained to monitor tissue viability. HP 13C MR was acquired
dynamically (10° pulses, 3 s interval for 300 s) following injection
of 1 mL of 4 mM [1,2-13C2]pyruvate to assess its metabolism in
the renal carcinoma tissue slices.

RESULTS

Combining HP 13C MRS with an MR compatible bioreactor
provides a measure of the intra-/extracellular compartmen-
talization of lactate

The custom built 5 mm diameter MR compatible bioreactor
allowed the metabolic evaluation of an average of 40 ± 7 million
cells with good sensitivity (HP lactate signal to noise ratio rang-
ing from 19 to 216 depending on the cell line) and excellent B0
field homogeneity (average water line width at half maximum,
LWHM, is 11.37 ± 0.69 Hz). These line widths were routinely ob-
tained by gradient shimming along the Z axis followed by
manual shimming of the X and Y gradients, which took approxi-
mately 15 min. This B0 field homogeneity was achievable due to
the material utilized in the construction of the bioreactor having
a similar magnetic susceptibility to that of water, and by ensuring
that there were no air interfaces (i.e. air bubbles) within the biore-
actor. Figure 1(A) shows a schematic diagram of the 5 mm
bioreactor that was optimized for maximal homogeneity and
minimal cell culture material requirement. The viability of all three
cell lines during the course of the HP MR studies was demon-
strated by 31P NMR spectra acquired before and after each HP
[1-13C]pyruvate injection (Fig. 1(B)). The 31P spectra were similar
to what was previously published for these cell lines (HK-2,
UMRC6, and UOK262) (26), and the β-NTP did not change signifi-
cantly during the time course of the HP studies. 31P NMR also

Figure 1. Bioreactor set-up and viability assessment. (A) Graphical representation of the 5 mm MR compatible bioreactor optimized for maximal ho-
mogeneity. (B) Representative 31P spectra of showing unaltered bioenergetics of the UOK262 cells under study before and after the HP carbon-13
experiment.
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demonstrated similar intracellular pH values of 7.32 ± 0.01 and
7.33 ± 0.04 respectively for UMRC6 and U0K262 RCC cell lines. Un-
fortunately, the intracellular Pi peak of the HK-2 cell line could not
be spectrally resolved from the media Pi peak, presumably due to
either the more alkaline intracellular pH of this cell line or the in-
herently low intracellular Pi levels due to the nonglycolytic nature
of these proximal tubular cells (35).

A splitting of the lactate peak was observed for all three renal
cell lines (HK-2, UMRC6, and UOK262) studied. Figure 2(A) (top)
shows an example of the splitting of the HP [1-13C]lactate peak
(upfield peak, 183.13 ± 0.006; downfield peak, 183.15 ± 0.006
ppm) for the UOK262 cells encapsulated in alginate micro-
spheres at 81 s (time point of maximum 13C lactate signal) after
the injection of HP [1-13C]pyruvate into the MR compatible biore-
actor. The lower panel in Fig. 2(A) shows the 13C carbonyl NMR
signals from co-polarized HP [1-13C]pyruvate and HP [1-13C]lac-
tate in perfused alginate microspheres devoid of UOK262 cells.
The presence of a single lactate resonance demonstrates that
the differences in magnetic field susceptibility of the alginate mi-
crosphere microenvironment alone are not responsible for the
splitting of the HP lactate peak, and suggests that the resonance
at 183.15 ppm corresponds to the Lacex pool. The assignment of
the downfield 183.15 resonance as arising from the Lacex pool
was also supported by peak line-width measurements. The
LWHM for the upfield lactate resonance (4.3 ± 0.1 Hz) was signif-
icantly larger than the downfield resonance (2.5 ± 0.07 Hz),
which was similar to the LWHM observed for lactate in the algi-
nate beads without the presence of cells (2.18 ± 0.05 Hz). Based

on these findings, we initially assigned the up- and downfield
lactate resonances as arising from Lacin and Lacex pools. The dif-
ference in chemical shift (3.92 ± 0.06 Hz) of the Lacin and Lacex
resonances was reproducible within the same study as well as
between studies. Although the Lacin and Lacex resonances were
not baseline resolved, the resonances were sufficiently separated
to be accurately fit to two Lorentzian line shapes (Fig. 2(B)).
Several studies were performed to modulate the Lacex and

Lacin pools in order to confirm the chemical shift of the corre-
sponding lactate resonances. These studies included (a) increas-
ing cell density within the bioreactor in order to increase Lacin,
(b) inhibiting the efflux of lactate in order to decrease Lacex, (c)
stopping media flow during the HP MR study in order to increase
Lacex, and (d) quantifying the amount of non-HP lactate in the
medium to correlate with extracellular HP lactate measurements.
The results of these validation studies are provided below. Al-
though leakage of lactate dehydrogenase (LDH) from a small
number of dead cells in the bioreactor is possible, this leakage
did not result in a significant LDH concentration in the media
(Supplementary Fig. 2) and therefore did not confound the inter-
pretation of the Lacex pool.
In Fig. 2(C), a linear increase in Lacin resonance was demon-

strated as UOK262 cell density in the bioreactor was increased.
In these studies, the cell density of viable UOK262 cells within
the sensitive volume of the MR coil was calculated based on the
β-NTP resonance in the 31P spectra using the value of 18.6 ± 1.5 fmol
of ATP (adenosine triphosphate)/cell previously determined for
the UOK262 cell line (26).

Figure 2. Differential compartmentalization of HP [1-13C]lactate. (A) The lower panel shows the spectrum in alginate microspheres devoid of cells, in-
fused with co-polarized [1-13C]lactate and [1-13C]pyruvate. Only one peak was observed for the [1-13C]lactate signal, while two peaks were observed in
the alginate microspheres with UOK262 cells when infused with HP [1-13C]pyruvate (upper panel). The inset (2.5×) clearly shows the well-resolved peaks
of lactate, where the chemical shift of the downfield peak coincides with that of the signal of lactate in empty alginate microspheres. (B) Lorentzian
decomposition of the two peaks clearly reveals the wider line width of the Lacin peak compared with the Lacex peak (downfield). (C) Plot of Lacin (blue
diamonds) as a function of cell density. The x axis represents the β-NTP concentration, which was used to quantify the viable UOK262 cells within the
sensitive coil of the bioreactor.
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Figure 3(A) shows representative 13C NMR spectra of HP
[1-13C]lactate acquired from untreated (top) and DIDS treated
UOK262 cells (bottom) taken at the time of maximum
lactate production after injection of HP pyruvate (dotted line in
Fig. 3(B)). The corresponding plots of the dynamic (every 3 s)
intra- and extracellular [1-13C]lactate spectra before and after
DIDS treatment are shown in Fig. 3(B). There is a clear visual
reduction in the extracellular HP lactate peak in the treated
spectra and an associated reduction in the area under the curve
for extracellular HP lactate of the treated versus untreated
UOK262 cells. Figure 3(C) (solid bar) quantitatively shows that
there is a 64 ± 15% increase in the Lacin/Lacex pool ratio when
lactate efflux is inhibited by DIDS. With DIDS inhibition, the total
HP [1-13C]lactate pool also decreased by 57 ± 11% relative to un-
treated cells due to the inhibition of pyruvate uptake by DIDS in-
hibition of MCT1. This confounding change in total HP [1-13C]
lactate pool size with DIDS inhibition is eliminated by taking
the Lacin/Lacex ratio, which clearly demonstrates a much larger
impact on the Lacex pool, consistent with the higher affinity of
DIDS for MCT4 as compared with MCT1 (27).
Subsequently, we compared the dynamic 13C NMR spectra

of HP [1-13C]lactate acquired from UOK262 cells using a nor-
mal constant medium flow rate (0.5 mL/min) with those ac-
quired when flow was stopped 15 s after the infusion of HP
[1-13C]pyruvate. 15 s was the time required for the bolus of
pyruvate to arrive in the cellular compartment of the bioreac-
tor. Figure 3(C) shows that the Lacin/Lacex peak area ratio was
reduced by 34 ± 6 % (p = 0.055) under stop-flow conditions
relative to the constant media flow condition. The decrease
in the Lacin/Lacex ratio was due to an increase in the Lacex
peak area (164 ± 74% of control) since it was no longer
flowing out of the sensitive volume of the NMR coil, while
the Lacin peak remained relatively constant (102 ± 46% of

control). Under stop-flow conditions, the total HP [1-13C]lactate
pool increased by 29 ± 58% relative to the same cells under
normal flow conditions, presumably due to the increased time
that the [1-13C]pyruvate bolus was exposed to the cells, lead-
ing to increased uptake and conversion to lactate. This con-
founding increase in total HP [1-13C]lactate pool size was
eliminated by using the Lacin/Lacex ratio.

Stopping the media flow did not have an impact on the vi-
ability of the UOK262 cells as determined by the stable β-NTP
peak area in 31P spectra acquired before and after the stop-
page of medium flow. The efflux of lactate and its associated
proton into the media during this period of no flow resulted
in a transient reduction in extracellular pH (≤6.8), as observed
by the “yellowing” of the phenol red indicator in the media.
This media was equilibrated with fresh media flowing into
the cell-containing chamber, soon after the flow was turned
on at the end of the HP experiment, with the media pH
returning to 7.6. There was no difference in the resonance
frequency of the Lacex during this transient change in pH,
suggesting that the downfield shift of Lacex was not due
to a more acidic extracellular pH. This is also supported by
the finding that the 13C chemical shift of the carbonyl
resonance of lactate decreased rather than increased with
decreasing pH (0.015 ppm upfield shift going from pH 7.4
to 6.9).

Finally, for UOK262 cells grown in [3-13C]pyruvate contain-
ing media the rate of extracellular [3-13C]lactate accumula-
tion in 2D culture was sampled serially over 8 h and
quantified by measuring the 13C satellites of the lactate
methyl protons in 800 MHz 1H MR spectra. Figure 4 shows a
plot of [3-13C]lactate accumulation in the medium over time
for untreated and DIDS treated UOK262 cells. Fitting these
data demonstrated a lactate efflux of 1.34 nmol/min/million

Figure 3. Differential modulation of the lactate pools. (A) Representative 13C MR spectra of HP [1-13C]lactate acquired from untreated (top) and DIDs
treated (bottom) UOK262 cells acquired at the time of maximal lactate production (indicated by the dashed line in B). (B) Dynamic measurement of HP
Lacex (filled circles) and Lacin (open circles) without (top panel) and with DIDS treatment (bottom panel). (C) Bar graph of the HP [1-13C]lactate peaks of
UOK262 cells under different flow and treatment conditions relative to control (flow at 0.5 mL/min) normalized to 100%. The bar filled with black
slanted lines represents the Lacin/Lacex ratio of UOK262 cells pretreated with DIDS inhibitor for 45 min (n = 3). The change in the ratio is significantly
different (p = 0.016). The grey bar denotes the Lacin/Lacex measurements after flow was stopped 15 s post HP [1-13C]pyruvate infusion for a period of
4.25 min (n = 3) and has a p value of 0.055 as measured by Student’s t test when compared with control.
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cells for the untreated UOK262 cells. In the presence of DIDS,
the rate of lactate efflux was reduced by 64% to 0.48
nmol/min/million cells. This reduction in lactate efflux was
similar to that observed with integrated HP Lacex signal inten-
sity (total area under the curve over time) after treatment with
DIDS (Fig. 3(B)).

Taken together, the results of these studies clearly demon-
strate that the up- and downfield HP [1-13C]lactate resonances
were due to the intra- and extracellular pools of lactate.

HP intracellular to extracellular [1-13C]lactate ratio differen-
tiates the varying aggressiveness of RCC cells

HP 13C MR studies were performed on three renal cell lines, rang-
ing from normal renal tubule cells (HK-2) through localized RCCs
(UMRC6) to metastatic RCCs (UOK262). These cell lines were se-
lected since they demonstrate varying Lacin and Lacex pool sizes
due to their known differential MCT1, MCT4, and LDHA mRNA
expression and LDH activity (26). HP 13C MR studies demon-
strated significantly different Lacin/Lacex ratios for the three cell
lines. The bar graph in Fig. 5(A) shows that the Lacin/Lacex ra-
tio in UOK262 cells is significantly lower than that of UMRC6 as
well as HK-2 cells by more than two- and 2.5-fold. This is due
to a significant increase in the HP extracellular 13C lactate frac-
tion, which comprises 38 ± 5% of the total 13C lactate pool in
UOK262 cells, and was significantly greater than that for
UMRC6 and HK-2 cells, at 23 ± 4% and 17 ± 1%, respectively.
MCT4 mRNA expression (p < 0.05) was significantly elevated
in the UOK262 cells compared with the other cell lines (HK-2
p = 0.0011, UMRC6 p = 0.0171), and Fig. 5(B) shows a negative
linear correlation (R2 of 0.997) of MCT4 mRNA expression and
HP Lacin/Lacex ratio for the three cell lines.

Measurement of Lacin and Lacex in living human renal tissue
slices

The ability of this approach to measure Lacin and Lacex was ex-
tended to living patient-derived renal tissue slices in the 5 mm
MR compatible bioreactor. Five slices with approximately 88
mg of tissue (wet weight) from high-grade urothelial carcinoma
were used for this study. Tissue viability, monitored using 31P,
was maintained for the duration of the study (4.5 h). Figure 6
shows the 13C spectrum of the living human tissue slice cultures
in the 5 mm bioreactor, after injection of HP [1,2-13C2]pyruvate.
Flux to both HP [1,2-13C2]lactate and [5-13C]glutamate was
observed. Similar to renal cancer cell lines, the lactate doublet
(centered at 183.1ppm) was split by the intra- and extracellular
micro-environment, with Lacex resonating 3.92 Hz downfield of
the intracellular pool, while only a singlet denoting the intracel-
lular compartment was observed for the [5-13C]glutamate. The

Figure 4. Rate of lactate efflux inhibition of UOK262 cells using non-HP
MR measurements. Bar graph of [3-13C]lactate efflux rate of untreated
(n = 3) and DIDS treated (slanted lines, n = 3) UOK262 cells grown in
[3-13C]pyruvate containing media. The significantly decreased efflux
rate (p ≤ 0.05) with DIDS treatment relative to the untreated controls
is consistent with hindered lactate efflux due to MCT4 inhibition.

Figure 5. Estimation of extracellular HP lactate pools in renal cells of varying phenotypes. (A) Graph of Lacin/Lacex for HK2, UMRC6, and UOK262 cell
lines. Lacin/Lacex increases going from UOK262 to UMRC6 to HK-2 (n = 3 each). The metastatic UOK262 cell line had significantly (p < 0.05) lower HP
Lacin/Lacex ratio than both HK2 and UMRC6 cell lines. (B) Graph of HP Lacin/Lacex as a function of MCT4 mRNA expression. A negative linear correlation
exists between the measured HP Lacin/Lacex ratio and the MCT4 mRNA expression in the three cell lines studied. All data are represented as mean ±
standard error.
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ratio of the extracellular pool of lactate to the total lactate signal
(42 ± 2%) is similar to the aggressive metastatic UOK262 cell line,
indicating a similar upregulation of MCT4 mRNA expression.
There was a threefold increase in MCT4 mRNA expression in
patient-derived renal cancer relative to normal renal tissue, and
a fourfold increase in MCT4 mRNA expression in UOK262 cells
relative to normal HK2 cells.

DISCUSSION

In this study, intra- and extracellular HP 13C lactate pools were
dynamically measured using a 5 mm susceptibility-matched
MR compatible 3D cell culture bioreactor. The intra- and extracel-
lular HP lactate signals could be resolved in 1D 13C spectra due
to a chemical shift difference between the two resonances
(0.031 ± 0.0005 ppm), which was reproducible across studies
and cell lines. Although the exact origin of the downfield shift
of the Lacex relative to the Lacin pool is not known, it was not
due to a lower extracellular pH, since reduced extracellular pH
would have resulted in a Lacex chemical shift in the opposite
direction. The observed difference in chemical shift could arise
from differences in the bulk magnetic susceptibility or differ-
ences in hydrogen bonding between the intra- and extracellular
microenvironments. Intra- and extracellular chemical shift
differences, attributed in part to bulk magnetic susceptibility,
have been previously reported in 1H, 19F, 31P, and 13C magic
angle spinning NMR spectra of erythrocyte cell suspensions
(36,37) and for intra- and extramyocellular lipid signals in
in vivo muscle spectra (38). Additionally, as observed by Kuchel
et al. (36,37,39–42) and further validated by Barry et al. (43),
protein-induced differences in hydrogen bonding between the
intracellular and extracellular compartment have also resulted
in NMR chemical shift differences between the compartments.
The extracellular HP lactate signal was used to discriminate

normal HK-2 renal epithelial cells from both RCC cell lines
(UOK262, UMRC6), and more importantly to differentiate the
metastatic UOK262 RCC cell line from the localized RCC cell line
UMRC6. The extracellular HP lactate findings are consistent with
prior steady-state labeling studies with [1-13C]glucose, which
demonstrated that [3-13C]lactate in the medium was highest
for UOK262 followed by UMRC6 and HK2 cells (26). There was
also a robust linear correlation between the MCT4 mRNA expres-
sion of the three cell lines and HP Lacin/Lacex ratio, which is due

to significant changes in the Lacex pool size. This finding is
consistent with the upregulation of aerobic glycolysis and lactate
production and efflux associated with a more aggressive, meta-
static cancer phenotype (9). The observed increased lactate
efflux is known to be facilitated by an overexpression of MCT4
(MCTs) (27,28). It has been shown in numerous cancers, includ-
ing cervical cancer (44), prostate cancer (45), lung cancer (46),
and clear cell RCC (47), that MCT4 upregulation correlates with
aggressive, invasive behavior. The MCT4 transporter serves two
important functions: (1) the export of lactate to maintain a high
rate of glycolysis and (2) removal of protons to maintain alkaline
intracellular pH. 31P NMR measurements in this study demon-
strated a constant alkaline intracellular pH for both of the RCC
cell lines, consistent with the ability of cells to maintain a con-
stant intracellular pH regardless of the degree of lactate produc-
tion. While the cancer cell lines produced and transported more
lactate out of the cell, the normal renal cell line also produced
and transported a substantial amount of lactate. The rela-
tively high level of extracellular HP lactate signal observed
in the HK-2 cells could be due both to a metabolic aberration
associated with immortalization of the normal renal epithe-
lium and/or the fact that normal human kidney cortex cells
also express substantial MCT4 (48), which is key to the lactate
shuttle between the cortex and the medulla (49).

Considering the important function that MCT4 plays in main-
taining the glycolytic tumor phenotype and alkaline intracellular
pH, MCT4 inhibition has been considered as a therapeutic target
(3,50), and this paper demonstrates that the MR compatible
bioreactor platform can be used to monitor such a therapeutic
approach in real time. The inhibition of lactate efflux by DIDS re-
sulted in a significant reduction of the extracellular HP lactate pool
in the aggressive metastatic UOK262 cell line. However, there was
also a small reduction of the intracellular HP lactate pool, which
is consistent with DIDS’s ability to bind and inhibit both MCT1
and 4 transporters, although with different affinities. Consistent
with the higher affinity of DIDS for MCT4 as compared with
MCT1 (27), the observed significant increase in the Lacin/Lacex
ratio was primarily due to a reduction in the in Lacex pool.

The results of these studies demonstrate the importance of
lactate efflux as a biomarker of cancer presence and metastatic
potential, and the utility of the MR compatible 3D cell and tissue
culture bioreactor as a platform capable of studying not only
cellular metabolism, but also transport and the impact of thera-
peutic interventions. The extension of these studies to living

Figure 6. 13C spectrum of HP [1,2-13C2]pyruvate metabolism of tissue slice culture. Four tissue slices of a high-grade urothelial carcinoma were per-
fused in the 5 mm MR compatible bioreactor. The C-1 doublet of HP [1,2-13C2]lactate from metabolism of [1,2-13C2]pyruvate, each split into two peaks,
represents the two cellular compartments. Only a singlet denoting the intracellular compartment is observed for the [5-13C]glutamate, as seen in the
spectral inset.
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patient-derived human renal cancer tissue slices was also dem-
onstrated. Recent 1H and HP 13C MR studies of 3D patient-
derived tissue slice cultures in a MR compatible bioreactor have
demonstrated that they provide a more realistic model of the
human situation for metabolic investigation (24). In this study
we were able to observe the Lacin and Lacex pools using five
300 μm × 8 mm slices (≈88 mg) of renal cancer obtained at
surgery, after injection of HP [1,2-13C2]pyruvate. The use of the
doubly labeled pyruvate allowed the measurement of flux to
both HP [1,2-13C2]Lactate and [5-13C]glutamate. Interestingly,
the downfield shift of the Lacex resonance was identical to that
observed for the renal cells, and the ratio of the extracellular pool
of lactate to the total lactate signal was very similar to what was
observed for the UOK262 cell line. This finding was consistent
with overexpression of MCT4 in both RCC tissues and cells. The
MCT4 mRNA expression in patient-derived renal cancer tissue
slices was approximately three times higher than normal renal
tissue, similar to the fold increase (four times higher) in MCT4
mRNA expression in UOK262 cells relative to the normal HK2 cells.
Only a single resonance was observed in HP [5-13C]glutamate,
which arises from the C-2 carbon of HP [1,2-13C2]pyruvate in the
TCA (tricarboxylic acid) cycle. This finding is consistent with gluta-
mate being predominately intracellular (51,52), and demonstrates
that this technique can be used to study the compartmentalization
of metabolites other than lactate. The practicality of acquiring lo-
calized HP 13C MR kinetic data opens the possibility of measuring
metabolic fluxes by fitting the dynamic data to kinetic models
(15,53,54). However, the modeling of metabolic fluxes from HP
13CMR data is still in its infancy and current approaches suffer from
a number of factors, including assumed/estimated T1 values, un-
known metabolite pool sizes, and the assumptions underlying
the specific models used. Therefore, the ability to measure metab-
olite pool sizes and estimate their respective T1 values in the very
controlled environment of a 3D MR compatible bioreactor could
aid in calculating and interpreting in vivo metabolic fluxes mea-
sured using HP 13C MR.

Although there are a number of ways to measure Lacex in vitro,
only two of these techniques can be applied for in vivo measure-
ments, namely steady-state MR spectroscopic and microelec-
trode measurements. Diffusion-weighted 1H and 1H–13C
(proton-observed carbon-edited) spectroscopy approaches have
previously been used to assess the compartmentalization of the
lactate in the rat brain in vivo, but these measurements are lim-
ited by poor signal to noise ratio, requiring long acquisition
times for single time point, single voxel measurements (55,56)
and therefore unable to provide dynamic measurements of lac-
tate efflux, as is achievable for cells and tissues in the MR com-
patible bioreactor. While the microelectrode technique can
yield dynamic measurements, it lacks specific localization, and
is invasive (57). In contrast, the dynamic HP MR technique can es-
timate in real time the rate of lactate export from the cell and
help distinguish between localized and metastatic cancer cells
as demonstrated. HP 13C MR has already been applied to patient
studies, thereby demonstrating future applicability to in vivo
measurements (13). The small difference in chemical shift be-
tween the Lacex and Lacin resonances observed in our ex vivo
studies will be difficult to resolve in vivo. However, the results
of such ex vivo studies can be used to help interpret the results
of in vivo diffusion-weighted HP 13C MR studies in pre-clinical an-
imal models (22,58), as well as future patient studies (20). This
platform also could provide a rapid and inexpensive way to test
efficacy of drugs that target cellular metabolism and transport.
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Keywords: Hyperpolarized 13C magnetic resonance (HP 13C MR), dynamic nuclear 
polarization (DNP), pyruvate, lactate, aerobic glycolysis, lactate efflux, renal cell 
carcinoma (RCC), cancer aggressiveness, patient derived tissue slice cultures 

 

Abbreviations used:  

HP – hyperpolarized 
MR – magnetic resonance 
MRS – magnetic resonance spectroscopy 
DNP – dynamic nuclear polarization 
RCC – renal cell carcinoma 
VEGF – vascular endothelial growth factor 
DMEM - Dulbeco’s Modified Eagle’s medium 
ATP – adenosine tri-phosphate 
MCT – monocarboxylate transporter 
LDH – lactate dehydrogenase 
TCA – tricarboxylic acid 
S/N – signal to noise ratio 

LWHM – Line width at half maximum 

 

 

Introduction  

The widespread use of cross-sectional imaging has led to a significant increase in the 

incidence of renal tumors (1),  many of which are localized, clinical stage 1 tumors. 

These tumors have a wide spectrum of benign and malignant histology and 

aggressiveness, and pose significant challenges in clinical management. Approximately 

20% of the clinical stage 1 renal tumors are benign tumors such as oncocytomas or 

minimal fat angiomyolipomas (2-5). These benign tumors cannot be reliably 

differentiated from RCCs preoperatively using conventional imaging (6). Percutaneous 

tumor biopsy also has its limitations, including low negative predictive value of biopsy 

for small renal masses and overlapping histologic features between some benign renal 

tumors and RCCs (7). Because of these limitations, localized renal tumors are most 



frequently treated with surgical resection. This has led to greater than 10,000 unnecessary 

operations of benign tumors each year in the U.S. alone (8), with inherent risks of surgery, 

loss of renal function, and cost. Therefore, new imaging methods are needed to 

distinguish benign renal tumors from RCCs in order to guide management.  

Increasing evidence has shown that RCCs are strongly linked to abnormal 

metabolism (9, 10). In particular, increased glycolysis with lactate production (Warburg 

effect) is a dominant metabolic feature of RCCs. For example, clear cell RCCs, which 

account for 70-80% of all RCCs, have characteristic reprogramming of glucose and 

energy metabolism that promotes glycolysis and lactate production (11, 12) (39, 40). 

High expression of monocarboxylate transporters 1 and 4, which are essential for 

maintaining high level of glycolysis and lactate transport, are associated with more 

aggressive RCCs (13-15). These studies provide the rationale for metabolic imaging as a 

means to differentiate benign renal tumors from RCCs. 

Hyperpolarized carbon-13 (HP 13C) magnetic resonance (MR) is a powerful molecular 

imaging technique that allows rapid and noninvasive investigation of dynamic metabolic 

and physiological processes previously inaccessible by imaging (16). HP 13C pyruvate is 

the most widely studied probe to date (17, 18), reflecting its central role in cellular 

metabolism. In particular, pyruvate is reduced to lactate in a reaction catalyzed by the 

enzyme lactate dehydrogenase. Several previous studies have shown that in vivo HP 13C 

pyruvate to lactate flux can provide noninvasive markers of tumor grade in preclinical 

cancer models (19, 20). Notably, the safety and feasibility of HP 13C pyruvate has already 

been demonstrated in the phase I clinical trial in prostate cancer patients (21), which 

opens doors for potential clinical translation of this technology to other diseases.  



   

In this study, we compared the HP 13C pyruvate-to-lactate flux in living patient-derived 

renal tumor tissue slices maintained in a MR-compatible bioreactor. The bioreactor 

provides a platform for the assessment of tissue metabolism in a controlled and 

physiologic setting. We showed that, compared to benign renal tumors, clear cell RCCs 

have more rapid export of lactate out of the cells, likely mediated by the elevated 

monocarboxylate transporter 4 expression. This suggests that HP 13C pyruvate has the 

potential to noninvasively differentiate benign renal tumors from RCCs. 

 

Material and Methods 

Patient derived renal tissue slice  

Fresh tissues were obtained from patients undergoing nephrectomy for renal tumors 

between September 2012 and August 2014 under an institutional review board approved 

protocol. Eight mm cores of both the tumors and uninvolved normal renal parenchyma 

were obtained from the nephrectomy specimen (22). The tissues were precision cut to 

300-350 micron thick slices using a Krumdieck slicer, and then cultured for 12-18 hours 

in specialized media in an angled rotating plate at 30° degree as previously described (23). 

Subsequently, 4-6 tissue slices were loaded into a 5mm MR compatible bioreactor (24, 

25) for hyperpolarized experiment below.  

3D MR compatible bioreactor experiments  

The tissue slices were maintained at physiological conditions in the bioreactor in 

circulating media at 37oC with 95% air/5% CO2 via a gas exchanger. All the bioreactor 

experiments were conducted using a 500MHz Varian Inova (Agilent Technologies, Palo 



Alto, CA) with a 5mm, triple-tune, direct-detect, broadband probe. For the HP 13C 

pyruvate studies, 7.5 uL of 14.2 M [1-13C]pyruvate mixed with 15 mM of the trytl radical 

(GE Health, Menlo Park, CA, USA) and 2.5 mM gadolinium chelate was polarized on a 

Hypersense polarizer (Oxford Instruments, Oxford, UK). This was followed by 

dissolution in 5 mL of 50 mM phosphate buffer. 750 uL of the resulting 16mM HP 13C 

pyruvate solution was injected over 90 seconds into the bioreactor containing the tissue 

slices. Hyperpolarized 13C MR data were acquired dynamically with a 30o flip angle, 

pulse repetition time of 3s and for a duration of 300 seconds. 31P spectra were acquired 

before and after each hyperpolarized 13C study to assess tissue viability, using a repetition 

time of 2s, 2048 averages and a 90o flip angle. The βNTP peak was quantified using the 

ERETC method (26).  

 

Immunohistochemical staining and pathological grading 

At the end of the MR experiments, the renal tissue slices were rapidly fixed in cryo-

embedding media (Optimal Cutting Temperature Compound) and frozen for subsequent 

histological and immunohistochemical analyses. The renal tumor histology and grade 

(Furhman nuclear grading if RCCs) were determined by a clinical pathologist on 

hemotoxylin and eosin (H&E) staining. Additionally, the slices were also stained for 

proliferation (Ki67) and MCT4 (monocarboxylate 4) expression. The pathological 

features of the tissue slices used for the bioreactor study is summarized in table 1. 

 

Lactate efflux measurement of renal tissue slices 



Adjacent tissue slices from the same nephrectomy specimen were incubated in 2D culture 

in medium containing 25mM [3-13C]pyruvate. The rate of lactate efflux from the tissue 

slices was evaluated by sampling the media every 60-120 minutes serially over 8 hours. 

The lactate in the medium was measured by 1H MR spectroscopy in a 800MHz Bruker 

DRX spectrometer (Billerica, MA) equipped with a cryo-cooled 5mm triple-axis 

heteronuclear probe. The J-coupled 13C satellite resonance was quantified using 

ACD/Labs software as described below. 

 

Tissue slice mRNA expression and enzyme activity assay 

mRNA expression of LDHA, MCT1 and MCT4 was determined by qRT-PCR as 

described previously (24, 27). Total RNA was extracted from the tissue slices with 

RNAeasy procedure kit (Qiagen,  USA). Reverse transcription using iScript cDNA 

Synthesis kit (BioRad Laboratories, Hercules, CA, USA) was performed and 

subsequently the cDNA generated was utilized for PCR in triplicate with TaqMan 

chemistry on the ABI 7900HT (Applied Biosystems, Foster City, CA, USA). Primers for 

the genes were obtained from Applied Biosystems (Foster City, CA, USA). The gene 

expression was calculated relative to the housekeeping gene b-actin in het log scale.  

 LDH activity of tissue slices was measured spectrophotometrically by quantifying 

the linear decrease in NADH absorbance at varying pyruvate concentrations at 339 nm 

using a micro- plate reader (Tecan Group Ltd.) (24). The maximum velocity (Vmax) and 

the Michaelis–Menten constant (Km) were estimated using the Lineweaver–Burke plot 

and was normalized to the protein content. 

 



Data analysis 

The MR data was processed and analyzed using ACD/Labs software  (Toronto, Ontario, 

Canada). The 13C data were processed with minimal line broadening and the dynamic 

data were summed and is expressed as a ratio of the hyperpolarized lactate peak area to 

that of pyruvate in order to normalize any differences in polarization across experiments. 

All data are represented as mean ± standard error. Two-tailed Student’s t-test was used to 

assess the difference between groups.  

 

Results  

Bioenergetics and viability of renal tissue slices in the 3D MR compatible bioreactor:  

Patient-derived renal slices were obtained from 10 ccRCC (predominantly of 

Furhman grade 2, with one case each for grade 1 and 3), 3 benign renal tumors (2 

oncocytomas and one angiomyolipoma), and 12 normal renal parenchyma tissues not 

involved by tumors. These fresh tissue slices were studied in a 3D tissue bioreactor.  

The micro-engineered 3D 5mm tube MR compatible bioreactor has been shown 

previously to allow maintenance of tissue viability and to provide reproducible HP MR 

data  {Keshari:2013ip}. In this study, it allowed the metabolic evaluation of 60-90 mg of 

tissue and had excellent B0 field homogeneity (average water line width at half maximum 

was 12.2 ± 0.68 Hz). 31P MR spectroscopy was employed to monitor changes in renal 

tissue bioenergetics during the bioreactor studies. Figure 1A shows a representative 

spectrum of a clear cell RCC (ccRCC). NMR signals for the nucleoside triphosphates 

(NTPs: γNTP, αNTP, and βNTP), phosphocholine (PC), inorganic phosphate (Pi), and 

glycerol phosphocholine (GPC) were readily visible. The βNTP content was unchanged 

following the injection of HP 13C pyruvate, indicating maintenance of tissue bioenergetics 



during the course of hyperpolarized experiments. Furthermore, we showed that tissue 

viability was maintained in the bioreactor with near constant βNTP for over 24 hours 

( inset of figure 1A).  

Figure 1B shows the varying levels of phospholipids in the renal tissue slices. 

Interestingly the phosphocholine (PC) level in the benign renal tumors is significantly 

higher than both the normal renal parenchyma (p=0.019) and ccRCC (p=0.008) tissues. 

This finding is similar to that of prior 1H high-resolution study of renal tissue extracts 

{Tugnoli:2003bu}, and indicates that while PC has been used as a biomarker of tumor 

proliferation and aggressiveness in other types of cancer {Podo:1999er}, it has limited 

value for renal tumor characterization. PC is converted from choline by the enzyme 

choline kinase-alpha (CHKA) in the phosphatidylcholine synthesis (kennedy) pathway. A 

prior study reported that functional interaction between CHK-alpha, EGFR receptor and 

c-Src is required for cell proliferation. Such functional interaction may explain the lack of 

direct correlation between PC level and renal tumor aggressiveness in our study. The 

glycerophosphocholine (GPC) is significantly higher in both benign renal tumors and 

ccRCCs compared to normal renal parenchyma tissue (p=0.027 and 0.003 respectively). 

While GPC is an osmolyte in the renal medulla, it is also involved in cell membrane 

synthesis and breakdown. The higher level in both the benign renal tumors and the 

ccRCCs compared to normal renal parenchyma may be ascribed to tumor cell 

proliferation.  

 

Hyperpolarized 13C pyruvate metabolism of renal tissue slices in the 3D MR compatible 

bioreactor:  



Figure 2A illustrates the scheme of 13C labeled carbon atom transitions used to detect [1-

13C] pyruvate metabolism during the HP MR experiment. After injection of 

hyperpolarized [1-13C]pyruvate into the bioreactor, the pyruvate to lactate conversion in 

the renal tissue slices was assessed in real time. The 13C lactate spectrum had excellent 

SNR of 15 ± 2 (figure 2B). Both the benign renal tumors and ccRCCs showed higher 

pyruvate to lactate conversion, consistent with higher glycolysis, when compared to 

normal renal parenchymal tissues (both p-values < 0.05). However, the observed 

pyruvate to lactate conversion was lower in ccRCCs than benign renal tumors. Prior 

studies of RCC cells in a similar continuous perfusion system showed that rapidly 

exported 13C lactate quickly flows out of the MR sensitive volume without contributing 

to the measured hyperpolarized lactate signal (27). Therefore, we hypothesize that the 

apparent lower pyruvate to lactate conversion in ccRCC when compared to benign renal 

tumors may be a result of rapid lactate efflux in ccRCCs.  

 

 Hyperpolarized alanine was detectable only in the normal renal tissues with a SNR of at 

least 3. Alanine was not detectable in the benign renal tumor tissues, and it was 

occasionally observed (in 1/3 of the cases) at low levels in the ccRCC tissues. The low 

alanine level in the tumor tissues may be a result of the increased pyruvate to lactate 

conversion. 

 

Tissue analysis confirms that ccRCCs have higher lactate production and efflux than 

benign renal tumors: 



To test the hypothesis that ccRCCs have higher lactate production and efflux than 

benign renal tumors, we then assayed the mRNA expressions and enzyme activity of 

LDH, and the mRNA expression of MCT1 and MCT4 of the tissue slices. LDHA 

encodes the M subunits of LDH, which catalyzes the conversion between pyruvate and 

lactate. MCT1 mediates the pyruvate transport into the cells, and MCT4 mediates the 

efflux of the lactate out of the cells (ref). The LDH-A mRNA expression was 

significantly higher in ccRCCs compared to both normal renal tissues and benign tumors 

(p=0.001 and p=0.016 respectively) (figure.3A). Additionally the LDH activity was also 

significantly higher (p<0.05) in ccRCC compared to the normal renal tissues and benign 

tumors by 2.4 and 1.7 times respectively (figure.3B).  [need MCT1 data here]. The 

MCT4 mRNA expression in the ccRCCs was four-fold higher (p=0.021) than that normal 

renal tissues and almost 7 fold higher than that of benign tumors (p=0.045). 

Corresponding immunohistochemical staining also showed progressively increased 

MCT4 staining from normal renal tissues to ccRCCs. To further verify that the higher 

MCT4 expression in ccRCCs resulted in increased lactate efflux, we quantified the rate of 

lactate efflux in the tissue slices in culture by thermal labeling with [3-13C]pyruvate. The 

incubating media was sampled periodically for up to 8 hours and the [3-13C]lactate was 

measured using high-resolution MR spectroscopy.  The normal renal tissues and benign 

tumors had similar levels of lactate efflux rate, while ccRCCs had significantly higher 

efflux rate of 5 ± 0.57 nmols/min (p=0.01 and 0.002 respectively). Taken together, these 

observations support the notion that ccRCCs have the highest lactate production and 

efflux compared to benign renal tumors and normal renal tissues. The rapid lactate efflux 

likely accounted for the apparent lower HP lactate in ccRCCs than benign renal tumors.  



 

Discussion and Conclusion 

 An unmet need in the management of patients with localized renal tumors is the 

lack of imaging biomarkers that can reliably discriminate benign tumors from RCCs. In 

this study, we investigated the pyruvate metabolism in living patient-derived renal tumor 

tissues using a clinically translatable HP 13C MR probe. We showed that rapid lactate 

efflux is a characteristic feature of clear cell RCC, which comprise the majority of RCCs, 

and that this feature can be used to differentiate cancers from benign renal tumors.  

 Lactate efflux is predominantly mediated by MCT4, a proton-coupled lactate 

transporter, exporting lactate and H+ in the same direction out of the cells. Rapid lactate 

export plays a key role in maintaining high level of lactate production, acidifying the 

tumor interstitium and promoting invasion and metastasis, all key features of cancers. 

The potential importance of MCT4 in RCCs was suggested by a recent study which 

showed that MCT4 protein expression in clear cell RCC was associated with poorer 

relapse-free survival, and correlated with Fuhrman nuclear grade. In our current work, we 

showed that the rapid lactate efflux, likely as a result of high MCT4 expression in the 

patient –derived clear cell RCC tissues, can be monitored using HP 13C MR. We also 

showed, to our knowledge, for the first time that clear cell RCCs have higher MCT4 

expression compared to benign renal tumors. Such differential expression and the 

resultant lactate efflux rate may be explored noninvasively using HP 13C MR. In our 

current pre-clinical study which utilized an ex vivo system, the higher lactate export in 

RCCs compared to benign tumors was inferred from a combination of HP 13C MR and 

steady-state labeling experiment. However, it is possible to discriminate the local 



environment of HP metabolites using diffusion-weighted HP 13C MR in vivo. Our 

findings provide rationale for such in vivo studies, and work is ongoing to use in vivo 

diffusion-weighted HP 13C MR to directly interrogate the relative amount of intracellular 

versus extracellular lactate.  

The development of novel imaging markers of RCC presence and aggressiveness 

has been impeded by the lack of robust models that recapulate human disease. Available 

preclinical models are predominantly based on immortalized aggressive RCC cells either 

grown in culture or implanted in animals. We have previously studied pyruvate 

metabolism in immortalized RCC cells (27), but were not able to investigate the 

metabolism of benign renal tumors as there are no existing preclinical models of benign 

human renal tumors. Immortalized RCC cells also have unusually high proliferation 

indices compared to patient-derived renal tumor tissues, which may be reflected in the 

observed metabolism. Furthermore, immortalized cell models do not capture the complex 

tumor cell-matrix interactions which occur in human renal tumors, and which are likely 

important for tumor metabolism. To overcome these difficulties, we utilized in this study 

patient-derived renal tumor slice model for the metabolic assessment of intact living 

human tissues.  The novel MR-compatible micro-engineered bioreactor permits 

evaluation of living tissue metabolism in a physiological environment, and has been 

previously validated by our group in prostate cancer studies (24). The combination of 

primary human renal tumor tissue slices and MR-compatible bioreactor provides a unique 

and realistic model for HP 13C biomarker discovery in renal tumors prior to patient 

studies.  



The main limitation of our study is the small number of benign renal tumors. A 

high percentage of tumor tissues was from radical nephrectomy for large renal tumors 

(average size of 6.6cm). The proportion of benign tumors was low in this cohort since 

benign tumors tend to be smaller in size (~3cm), and more likely to be treated with partial 

nephrectomy. Nonetheless, we have shown a significant difference in both the 

hyperpolarized 13C data and the tissue correlative findings between benign tumors and 

RCCs. The results of the study provide motivation for future clinical studies of HP 13C 

pyruvate MR in patients with renal tumors. Another limitation of our study is that we 

have only included clear cell RCCs, and not other subtypes of RCCs. This in part reflects 

the fact that clear cell RCCs comprises majority of RCCs (70-80%), and we did not 

obtain sufficient number of other subtype of RCCs to include in our analysis. An 

additional limitation of our study is that the majority of the clear cell RCC tissues we 

obtained were grade 1 or 2. We did not have sufficient number of higher grade (grade 3 

or 4) clear cell RCCs to perform separate analysis based on grade, and future studies are 

warranted to assess any potential grade dependent findings. Development of imaging 

markers that can reliably differentiate low from high grade RCCs will be of great interest 

given the increasing recognition that low grade indolent RCCs may be treated 

conservatively.  

Notwithstanding these limitations, we showed that high lactate production and 

rapid lactate efflux is a dominant feature of clear cell RCC, and that this feature can be 

explored to differentiate cancers from benign renal tumors using hyperpolarized 13C MR. 

These initial findings provide strong motivation for developing hyperpolarized 13C MR 



for clinical evaluation of renal tumors, a disease with increasing frequency, with the 

ultimate goal of guiding treatment selection.  
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Figures  

Figure 1. Bioenergetics of renal tissue slices. A)31P spectrum of grade 2 ccRCC. The 

inset shows the temporal βNTP concentration of ccRCC tissue slices continuously 

perfused in the bioreactor for over 24 hours. B) Bar graph of the varying levels of 

phospholipids in renal tissue slices.  (white bars = normal renal tissue, gray bars= benign 

renal tumors, and black bars=ccRCCs) 

 

Figure 2. Hyperpolarized [1-13C]Pyruvate metabolism of renal tissue slices.  A) 

Representative hyperprolarized 13C spectrum of grade 2 ccRCC tissue slices. Inset shows 

the lactate kinetics over 5 minutes. B) Bar graphs of normalized hyperpolarized [1-13C] 

alanine and [1-13C] lactate in the renal tissue slices. (white bars = normal renal tissue, 

gray bars= benign renal tumors and black bars=ccRCC) 



 
 
 
 
 
Figure 3. LDH activity and expression A) LDH-A expression of renal tissue slices. B) 

LDH activity of renal tissue slices. (white bars = normal renal tissue, gray bars= benign 

renal tumors and black bars=ccRCC) 



 

Figure 4. Renal tissue MCT4 expression and lactate efflux. A) Immunohistochemical 

staining of MCT4 and B) mRNA expression of MCT4 in renal tissue slices. C) Rate of 

lactate efflux from renal tissue slices. (white bars = normal renal tissue, gray bars= 



benign renal tumors and black bars=ccRCC)
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